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Foreword 



Damage of torrential origin is closely linked to population density, infrastnictural 
investment and levels of agricultural and industrial development in mountain are- 
as generally. Landslides, gully formation, torrential mudflows, river fkxxiing and 
other similar periodic events would be much less destructive, if it were mrt for 
humans and their activities. Torrenliality is exacerbated by human activities, par- 
ticularly those that involve dex elopini: areas dou nslream from unbalanced water- 
sheds. Humans cultivate tlood-prone valleys, build on alluvial tans and exploit 
mountain watersheds to provide water for electricity, irrigation and do- 
mestic use. The economic developnieni ol a region entails building more roads, 
bridges, railways and other facilities. The damage caused to these structures by 
exceptionally heavy rains also modifies the zone's hydrodynamic characteristics, 
giving rise to torrential phenomena of great destructive force. 

These factors serve to explain why tonent control has come nito being. Its de- 
velopment is based on valuable experience gained since the middle of the last 
centuiy in mountainous European countri^. Population density and heavy infra- 
structural investment over the years have made the development of protective 
steps necessary. In some European countries — Austria, the Czech and Slovak 
Federal Republic. France and Swit/eiland, lor example — government torrent 
control programmes have been in operation for more than a hundred years. How- 
ever, complete protection from torrential phenomena has yet to be achieved, and 
floods, landslides and dam bursts continue to claim \ ictims year after year. Fver 
more intensive recreational use is made of" mountain areas, and the risk of imbal- 
ances increases because of the ill effects of atmospheric pollution on protective 
foiests; tonent control therefore has assumed special importance in highly devel- 
oped countries. 

Loss of life and property are growing problems in mountainous areas of devel- 
oping countries that are characterized by rapid infrastructural and population 
growth. Every human settlement and each new road, bridge or railway in upland 
areas is potentially threatened by the effects of water erosion; in both the deve- 
loping and the industrialized worlds, therefore, the scope for torrent control can 
only increase. 

.Since in most coiuilrics tfic Ibicstry services are respc^nsiblc lor torrent conliol. 
watershed management and the numagement and protection of mouiuain areas, 
this documeni is being published as an FAO Forestry Paper. It is worth adding 
that, especially in developing countries, torrent conux)! activities are normally a 
component of multidisciplinary mountain watershed management involving not 
only government agencies, but also the private sector and upland rural commu- 
nities. Torrent control has a crucial place in the rehabilitation and protection of 
mountain areas and entails biological, structural and socio-economic measures. 
However, it should be pointed out that the effectiveness of the engineering works 
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dcscnhcd here in controlling lorrenlialily and uaier erosion will be much reduced 
unless both adequate plant cover is provided to protect the soil and land is uti- 
lized in accordance with its capacity. 

This publication is the fruit of PA0*8 decision to tap over 50 years of accumu- 
lated Spanish experience in the field of torrent control — knowledge that has 
been enriched by exchanges with odier comtries in Europe and elsewhere. The 
FAO Working Party on Mountain Watershed Management, which comes under 
the European Forestry Commission (chaired by the author of this paper), was set 
up in 1950 and has been responsible for other FAO publications such as the Ava- 
lanche Control Manual and the five-language Torrent Control Terminology 
(FAO Conservation Guides 6 and 7). 

It is hoped that this manual will be of use to all those professionally involved 
in protecting life and property from torrential damage, both in mountain areas 
and downstream in the plains. 

M. A, FtX3ltES RODAS 

Assistant tXrector-General ' 
Forestry Department 
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1. Principles and scope of torrent control 
and streambed stabilization 



1.1 General principles. Biological and hydrotechnical methods 

Torrentiality is the result of erosion in the watershed. By analysing this phenom- 
enon and studying its characteristics, the general principles Uibderlying corrective 
action can be established. Torrents are characterized by sediment dischaige and 
by sudden high flows of considerable violence. Sediment may be transported as a 
suspended load or as bedload. 

Since suspended sediment is produced mainly by surface (sheet and gully) 
erosion in the watershed, the two phenomena are closely linked, as are the soil 
conservation and rehabilitation measures needed to prevent watershed erosion 
and the torrent control measures necessitated by the presence of suspended sedi- 
ment. 

Bedload discharge is due to tractive forces eroding the streambed: the deeper 
the water and the taster the flow, the greater the tractive force. Flow levels de- 
pend on the volume and velocity of precipitation-induced runoff in the wa- 
tershed, itself a cause of erosion. Thus channel sediment flows and watendied 
degradation are parallel phenomena. 

Similarly, sodden, violent floods can occur when the amount of rain exceeds 
the soil's capacity for retention, producing runoff. Since rain in eroded water- 
sheds tends to compact the soil, die effects on torrent flow can be dramatic. In 
view of this clear connection between torrentiality and watershed erosion, torrent 
control activities should not be undertaken in isolation from the rest of the wa- 
tershed (with the specific exception of some mountain torrents). An integrated 
package ol bioiogieal and hsdiaulic engineering measures is requited, split judi- 
ciously between streams and watershed. 

Aithoutzh this L'uide is concerned exclusivelv uith hvthaiilic enuinecrinti 
works for lorrcnl coiilrol, it should be staled that biological watershed rehabilila- 
timi also plays a crucial role. 

Biological measures for watershed rehabilitation 

Hiological measures lor llic most part iiuoUc (orrciil eonlrol on hillsides, and 
iccliniques are similar to those used in soil conservation (plant cover and water 
control). They are important for keeping floodflows from eroding channel sides 
and for their effect on sediment transport generally. 

In torrential watersheds, therefDre, the conservation, improvement and estab- 
lishment of forest tree cover are important for their highly beneficial effects on 
infdtration and water concentration time, as well as on surface mnoff and flood- 
flow control. Wherever possible, any suitable bare watershed land should be 
reforested in preference to any other form of land use. Fast-growing species. 
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however, are noi really advisable since they prov ide neither effective interception 
nor soil cover; they also do not tolerate the shrubs or grasses so essential to con- 
trolling soil loss and surface runoff. 

The best species to use are those that show strong early growth in well* 
prepared soil, slowing down later to give sturdy stem and good crown develop- 
ment The maintenance of natural vegetation in the shrub, thicket and field layers 
and of relict trees in repopulaied areas should be an integral part of reforestation 
planning. A balance needs to be achieved between vegetation that is artificially 
introduced into the vacant tree layer and that already existing in other layers to 
nia\iini/e the ofToctiveness of watershed torrent control. 

However. iiiiiDducing trees will not by itself control torrents; (he ecosystem as 
a whole will do that. The role of torrential watershed alforesiation is to help na- 
ture by reversing degradation and speeding up the development of a complete 
forest ecosystem to provide maximum natural control. The aim of torrential wa- 
tershed reforestation work should be a stable community of mixed, irregular 
stands containing both shrub and grass layers. 

Another biological torrent control mediod, providing slopes do not exceed BO- 
SS percent, involves establishing permanent grass cover, which can be rationally 
managed and exploited as grazing land. This method, however, yields only par- 
tial C(>ntrol of surface run<itT and floodtlows. 

Hillside restoration work may also involve some simple engineering such as 
prompt control of gullying by means of drystone walls, gabions, fascines or pil- 
injj in conjunctiim with tho planting t)t riparian spocics. Finally. ni<Hicni st)dLling 
techniques, such as mulching with vegetal, nuneral or industrial mailer to form 
an artificial protective layer for grass to take root in, can be useful in rehabilitat- 
ing steep, hravily eroded slopes, provided the area involved is not too large. 

Hydrotechnicat methods for torrent control and streambed stabilization 

The principles underlying the design and use of hydrotechnica! methods for tor- 
rent control am! streambed stabili/ation are aimed at parliallv or ti)tallv control- 
ling the typical etieets t)f torrential flows on the surrounding area, namely ero- 
sion and transport/deposition of eroded materials. Control is therefore focused on 
streambanks and on the channel bottom with the aim of reducing sedimem dis- 
chaige to a minimum by taking stq>s to prevent such discharges from occurring 
or, failing that, to encourage maximum deposition. 

The torrentiality of streamflows appears to be linked to the tractive force they 
exert on movable bed particles. This tractive force detaches and transports mate- 
rials mainly as bedload and can be expressed as: 

where l (t/nr) is the iraelive force exerted per unit of bed width by a tlow of spe- 
cific gravity: y (t/m^) in a section of hydraulic radius R (m> and circulating witli 

an eneigy tine of gradient/. lYactive force is countered by the resistance of maie- 
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rials to detachment and transport: weight, inertia, friction, etc. Resistance is com- 
puted by taking the tractive force of the water at the precise moment when mass 
movement begins, and is usually called the threshold, or critical, tractive force. 

In beds fonned of incohesive materials, as toirait beds genoaUy are, the criti- 
cal force can be expressed by the fonnula: 

(to)cr=^(Tr-Y)<^ 

where (t,)_, (l/nr) is the critical force for materials of characteristic diameter 
d (m) and specific gravity (l/m^), given a discharge of specific gravity y({/m^), 
with K an empirically determined dimensionless coefficient whose value varies 
depending on the autlior and the circumstances. 

The totrentiality of a stream at a given moment may be ascertained by com> 
paring the two values t and (i,,)^^ to see whether t > (xj^^; if so, there will be 
erosion and/or sediment transport, quantifiable by the function Fix - (x^^. 

The integration of these erosion and transport processes into the overall pat- 
tern of flows and sections allows the torrentiality of a stream to be assessed and 
analysed. Using the relation between boundary shear stresses and the tractive 
force of discharges to explain torrential imbalances in a channel lies at the very 
heart of tonenl control theory. Any Ibrm of hydrological intervention in the wa- 
tershed that cither lowers the parameters affecting the tractive force of discharges 
or increases boundary shear stresses will contribute to improving torrent control. 

As mentioned above, biological methods of watershed restoration are clearly 
important in controlling torrentiality. By fixing the soil, they help reduce the 
quantity of suspended sediment contributing to the stream's turtiicUty and den- 
^ty, thereby lowering the water's specific gravity y and weakening its tractive 
force. They also have a significant effect on direct runoff, helping to restrain 
peak flows, shorten the hydraulic radius R of wetted sections and reduce the 
water's tractive force. 



IJ2 Vertical control and establishment of equilibrium bed slope 

Highly torrential streams are those in which the tractive force of discharges ha- 
bitually exceeds particle resistance (as defined by the critical force at which ma- 
terial may be moved). This results in progressive bed degradation, mass transport 
of bedkMd materials, streambank erosion and destabilization of adjacent land. In 
such cases, transverse dikes across the stream (check dams) rqwesent the sim- 
plest and most effective solution. These vertical contn^l structures, which dam 
the channel from bed to spillway, have the following effects: 

• They provide a fixed point on the streambed. controlling further ilou ncutting. 

• As long as the reservoir does not silt up, the stored water slows the approach 
speed of the sediment, encourages deposition of the coarser materials and thereby 
reduces the sediment load of the overflow. 
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• The resulting deposition causes tfic bod level to rise, until the equilibrium bed 
slope is reached (achieving a gentler gradient than that of the natural channel). 

• This natural accretion results in a new bed witli a wider cross-section, which al- 
lows broader-based flows, and m a hydnuilic radius that is smaller by an amount 
roughly equivalent to the drop in water depth. 

Because of these reductions in hydraulic radius R and the bed slope i (Figure 1), 
the tractive force of the discharge is significantly weakened. 

Structures of this type have another advantage in that the accumulated sedi- 
ment helps consolidate torrent bank slopes either because it acts as a fixed non- 
erodiblc support belmv the plane of the stabilized accretion, or because ticbris ae- 
cunuilates at the foot ol the slo|ies until it reaches the nev\ siabili/cd accretion 
level. As a result, there is .1 considerable reducti(Mi in the inlluencc interval of the 
amount of debris arriving laterally in the channel bed. 

Torrent control by transverse dikes relics for the most part on the .sediment de- 
posited by the stream, which produces both a milder slope than that of the imtural 
bed as well as a wider section; the erosive effects of tractive foices are therefore 
offset by the resistance of the materials transported by the stream, and the result- 
ing aggradation gives rise to what is tenned an equilibrium bed slope. 

A sediment-saturated stream flowing over an erodiblc bed provides an oppor* 
tunity for the interchange of materials. This interchange involves replacement of 
the solid sediment in the discharge by other, equivalent materials. However, this 
equivalence does not refer so much to sediment volume as to transport capacity, 
and it the volume deposited is not equal to the volume incorporated (which 
occurs whenever bed materials differ m composition or particle size from those 
being transported), the result will be an equilibrium profile reflecting the 
stream's tractive characteristics. This profile will obviously vaiy until the neces- 
sary equivalence (between volume and transport capacity) is reached, at which 
point aggradation and degradation in the stream balance out and an equilibrium 
bed slope results. 

There are a numtier of models for calculating the equilibrium bed slope, al- 
though strictly only some relate to the equilibrium profile aspect. The method be- 
low is based on the fiarci'a Najera theory, but has been simplified by replacing 
the Schocklitsch lorniulae by the Meyer-Peter formula, and the Bazin coefficient 
by the Manning one. 

The variables are: 

I - ( Vcr ^ ~ iiaciive (orce of water = /i • y • / 
(x^)^^ = critical tractive lorce = 0.047 (y^ - y) (according to Meyer-Peter) 

^50 ~ characteristic diameter of the materials in metres. The coefficient 
0.047, when applying the expression to alpine torrents, may be in- 
creased to 0.00 
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Q = tne discharge (m^/s) 

b s average width of channel (m) 

g s acceleration due to gravity (9.81 m/s^) 

= specific gravity of suspended materials (varies between 2J2 and 2.7 
(t/m^) depending on type) 

Y = specific gi9vity of water with suspended charge (t/m^) 
X = sediment proportion (%) 

a s coefficient of reduction 

* ^{Iy'J/ 1(1 + X)(Y 
A s depth of water (m) 

V = velocity of water with suspended charge (m/sec) 

C s n*j?i^ where lis the inverse of the Manning roughness coefficient (n I ) 

ss hydraulic radius (m) 

The following equations can be derived from the Garda N^jera theoiy: 
v7 + ^-3^2.^_.Q^ inwhich ; = T ii^ C^ 

and for the equilibrium bed slope: 



]8 



R = hydraulic radius - H (depth) 
n = roughness coefficient 
Ian II = t>ed slope = I 
tan |) = equilibrium bed slope = 



V (m/s) = 
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A lew simple transtormations in those formulae give us the following three 
basic equations: 



^ = 57» — 



^ Mii „2 .,2 ,4/3 



24/3 _ J 
' a ■ n • q 

The flowchart for the calculation is as follows: 

(Y5 - Y) ^50 
Y 

i 



>P = 0.047 



i 



i 
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It can also be established that, in two sections of perimeters L and with 
flows of e and g,, (I, I ) = ((L / L,) • {Q^ I Q)\\ this allows lo be calculated, 
once the other parameters are known. 

Where hydrological conditions are similar in two sections {Q ~ the rela- 
tionship between the equilibrium bed slope and the respective wetted perimeters 
can be shown: 

A = 1 
he 

hence l\c = 4 — 



13 Horizontal control and channel line oorrectlon 

It may be that the water's tractive force is only sufficient to overcome channel re- 
sistance in certain specific sections or at particular points — a normal occurrence 
in streams with a tlu\ ial or semi-flu\ial rciiiine. In such cases, control measures 
will diller scmiewhat from those described for torrential streams, although the 
principles remain the same. 

Erosion and sedimentation in these reaches is mainly attributable to centrifugal 
action in the bends that raises the free surface level at the outer banks, establish- 
ing a hydraulic gradient of transverse pressures. Consequently, flowlines are 
created which run downwards to the channel bed at the concave bank before ris- 
inc again (Figure 2). The force exerted by flowlines at the outside bend results in 
bank scouring and bed erosion; solid particles are first dislodged and then depos- 
ited later w hen the flow lines separate and their tractive force is no longer enough 
to overcome particle resistance. 

As Figure 2 shows, erosion of the concave hank leads lo a channel bottom thai 
is much deeper there than at the next point ol ninexiDU. 

This process ot erosion and deposition lends to make the meanders unstable, 
to which one must add the effects of tractive forces if not offset by the resistance 
of boundary materials. Such stresses, however, are normally kept in balance: a 
fall in boundary resistance in the lower reaches, caused by an abrasion-induced 
reduction in the size of particles on their way downstream (Sternberg's law), is 
compensated for by a milder gradient and, consequently, weaker tractive force 
(Figure Nonetheless, local imbalances of the kind mentioned above may still 
occur and require control. 

Stabilizing a stream or reach of a stream inxolves applying the same control 
rules as for lorrent^: that is. a balance must be achieved beiucen drag forces and 
channel rcsisiancc by reducing the former and increasing the latter. I his balance 
is normally reached by constructing training walls, taking care to position them 
correctly in relation to the channel axis. They not only iniovide horizontal control 
of bank shear stresses but also allow streamline correction both by avoiding the 
imbalances produced by excessive meandering and by creating sections with 
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Figure 2. Typical sections ot a meander 

hydraulic radii that match the boundaiy materials* capacity to resist erosion In 
streams of this type, transverse dikes are used only in special cases to fix the bed 
and diminish the water's tractive force by reducing the slope. 

Bank shear stresses nia\ be controlled hori/ontally by means of continuous 
walls of non-erodible materials. The vvalls may be rigid (concrete or masonry re- 
vetment) or riexible (gabions). Another method is to increase boundary resistance 
by lining the bank with loose materials of a larger diameter than those in the bed, 
or by planting and mulching. 

Groynes are another form of horizontal control, reducing the tractive forces 
acting an the banks by creating low-velocity areas between the groynes in which 
deposition takes place (Figure 4). It should be pointed out that they reduce the 
flow secticMi of the useful channel by taking away two lateral belts of dead water; 
this reduction increases the hydraulic radius of the flow and, consequently, its 
tractive force, resulting in downcutting in the centre of the bed combined with 
eddy effects at the groyne heads. Indeed, without preventive measures, erosion 
may actually destroy the structures. 

Channel axis and su-eaiufiow correction works consist of training walls or firm 
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Source o( stream 




Outlet 



Figure 3. 1 ypicul longitudinal !>ecliun ol u sireuin (flow increusei>, sedimeni size de- 
creases, and slope flattens out as stream nears the sea) 

revciincnts to delinc the How section and the desired path tor the stream reach, A 
certain ainouni ot care is required here not to force the water to I'ollovs a path dit- 
ferenl tVoiii its natural one; consequently, it is best to try ami gel as close as pos- 
sible to what might be called the stream \s natural equilibrium tendency so that 
lateral flow imbalances similar to those described above may be avoided. 



ErocJod bank 




Fignre 4. Plan of a stream protected by groynes 

B\eii fixing the flow section in\ol\es a certain risk as it iisuall) means reduc- 
ing lloodwater expansion areas. This reduction rcsuUs in deeper fliiodllows with 
^;reater tractive force and erosive capacity; the reach therefore tries to stabilize it- 
self through slope reduction, i.e. by bed erosion higher up and deposition lower 
down (Figure S). 
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Narrow area with longitudinal letties 



1 




Mean longitudinal section 
after correction 




Onginal longitudinal 
sec tion oi stream 



Figure 5. Effect on the slope of narrowing the reach 




Figure 6. Transverse channel lines in a rectangular canal 
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Figure 7. Danger of undercutting in a walled reach 
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i' igure 8. Plan ol a slrcani reach w iih sleep gratlieiUs and coarse bed materials 



In designing these structures, one alsi) has to reniemhei ihat rriciioii causes ve- 
locities in corrected streams to be lower at the banks llian ihe> are at the centre. 
This creates a transverse surface pressure gradient which, combined with other 
surface phenomena, produces streamlines along the two banks and near the chan- 
nel bottom (Figure 6), causing heavy erosion along the walls which threatens to 
undercut their foundations (Figure 7). 

Finally, it should be remembered that in channels with steep slopes and coarse 
bed iiuitcrials. water often scours the banks more easily than the centre of the 
strcaiiihed. where the higtier How \el()cities create a protective layer by washing 
awa\ smaller materials. This encourages medium How waters to separate, branch 
out and then cross connect (in the piocess known as anastomasis) in an attempt 
to stabilize the stream by malchmg sections and slopes to the diHerenl discharge 
levels (Figure 8). If these structures are to be effective, therefore, they should be 
used carefully, ensuring that their design takes into account all potential draw- 
backs. 
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2. Torrent bed stabilization 



2.1 Types, purpose and main chanderislics oftomnt conlnil strnctaraB 

Tnmsvene dikes are usually classed either as check dams or as sediment storage 
dams, depending on their purpose. 

Check dams aim to prevent direct damage to bank slopes and streambeds ren- 
dered unstable by the ef f ects of erosion. They are used to fix the longitudinal pro- 
file of the torrent bed and avoid downciitting by use of stepwise correction works 
to encourage aggradation; the torrent thus acquires a n(ni-erodib!e slope with al- 
ternating dams and deposition zones. In this way. the areas most scarred by linear 
erosion are covered by a continuous equilibrium bed slope between the crest of 
one dam and liie toe of its upstream neighbour, the side slopes being stabilized 
by accretion above the bed level. 

The position and height of these dams can vaiy — what is important is that 
they ensuie a contmuous buildup, or stepping, of deposits, the exception being 
wheie the bed is not naturally subject to regression (e.g. rocky outcrops). 

The equilibrium bed slopes in the deposition zones therefore need to be calcu- 
lated on the basis of the average recurring floodflow, which is responsible for 
levels of aggradation and degradation as well as the general shape of the bed. 
This approach provides a sound economic basis for designing these structures, 
with plenty of scope for choosing heights and locations most suited to the area's 
topographic and sediment retention characteristics. Nonetheless, there arc in- 
stances where the characteristics of the site impose upper and lower limits on the 
actual height of the dajii: a maximum in cases where patlis or productive bank 
lands might be covered over by sediment or a bridge's waterway restricted; and a 
minimum when a slope has to be protected against sloughing by ensuring diat ac- 
cretion is sufficient to contain the materials at the base. 

Let us assume these primary dams are constructed along the lines shown in 
Rgure 9, and that an equilibrium bed slope is created; now, as torrent control and 
watershed afforestation activities increase, particle size and sediment yield will 
tend to diminish, thus lowering the parameters entering into the calculation. This 
will produce a gentler equilibrium bed slope so that, if further bed erosion is to 
be avoided, a series of secondary dams will be needed to encourage the appropri- 
ate level of deposition. 

Sediment storage dams are complementary structures designed exclusively to 
trap solid materials (and sometimes to blunt peak fkxxlflows) when rapid action is 
needed to prevent damage by water and sediment discharges in tonential areas. 
They are posidooed upstream finm where damage occurs to take full advantage of 
places in which widening and narrowing eooouniges sed im e nt deposition; they are 
therefore usually designed to seal the torrent gorge. Larger than check dams, their 
final size depends on the foreseeable sediment retention needed before other torrent 
and slope control structures become operational; once silted up they are of little use. 
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Figure 9. Oetenniiiadon of secoodary dams in a corrected torrent 

To prolong iheir useful life, especially in torrents of the Alpine or Pyrenean 
type which transport coarse materials, suitably wide openings or windows may 
be inserted at intervals in the dam body, in the direction of flow. These openings 
alleviate the impact, upstream of the dam, of discharge velocities and floodwater 
retention imtil other correction works are fully effective. Such a design allows 
finer materials to pass through, as well as sediment contained in flows of limited 
transpcHt capacity, as diese cause little or no downstream damage; thus unneces- 
sary sedimentation is avoided and the dam's retention capacity prolonged. The 
dam itself will only silt up following large floods with hi;^h transporl capacuies. 
As it is these which cause the most damage, such structures help, at least tempo- 
rarily, to coniaui ihem. 

Any design or material appropriate to small dams may be used to construct 
transverse structures, whether check dams or sediment storage dams; no fixed 
rules can be hiid down — it is up to the individual engineer to decide on the best 
and most economical materials in each case. It is, however, important to remem- 
ber that these dams are generally small in scale (rarely exceeding 15 m in height) 
and constructed in steep, relatively inaccessible areas which make the use of 
heavy equipment impractical. 

Consequently, such structures require neither expensive materials nor particu- 
larly resistant ones. Fhey can be straight-drop gravity dams made of plain or rub- 
ble concrete, masonry or gabions, depending on the si/e of the structure, u ith a 
fixed, notch-shaped overfall designed for tloods once every 20-100 years. I he 
overfall should direct the free-falling water into the downstream channel, keeping 
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it away from the sides. In dams of a certain size, the bed should be protected 
from the impact by an cnergv dissipalor or simple apron. Such works can be built 
by relatively imskilled personnel. 

To reduce uplitt on the structure and prevent water from being impounded for 
too long (with damaging consequences for bank slope stability), small openings, 
ot weq>-holes — different from the gaps in the penneable structures described 
above — are usuaUy built into the dam. Although the stability and resistance cal- 
culations for dimensioning these dams are similar to those normally employed in 
other hydraulic woiks, important differences in their functions must be takoi into 
consideration when it comes to combining and evaluating loads. 

Another typical form of torrent control occurs in debris cones and alluvial fans 
where the streamflow is restricted to a fixed, stable channel by means of training 
walls. Steps should also be taken to protect the channel bottom, since concentrat- 
ing the fiow upsets the natural process antl makes the streambed susceptible to 
erosion. The same result can be achieved with small transverse grilled weirs 
which are stepped and help keep the tlow between training walls, rather as deten- 
tion dams do in corrected channels. 

Except in exceptional circumstances, channelling worics in debris cones should 
not be undertaken until the slope has been restored and the upstream bed correct- 
ed. Torrential damage may also be controlled by training walls, which run par- 
allel to the stream. Although the channelling of debris cones might be said to fiedl 
into this categoiy, in terms of their design and operation they have much in com- 
mon with transverse dikes and are better seen as a type of hybrid. 

As far as the basic aim of eliminating sediment transport and its effects is coa- 
cemed. the role of training walls is in general restricted to preventing erosion and 
bank spilling. While training walls provide passive protection, transverse dikes 
act decisively upon the torrential process. In their design and operation, these 
structures resemble those used in streams with a fluvial regime; few modifica- 
tions ate rctjuired before applying them to torrents except to allow for the greater 
energy of How , the marked tendency toward channel regression and the high lev- 
els of sediment discharge characteristic of torrents. For the most part, all the 
types, calculations, designs and specifications used in fluvial hydraulic architec- 
ture can be successfiilly applied to torrents, bearing in mind that the characteris- 
tics mentioned above place a premium on compactness and strength. 

Streambed regression is a particulariy important aspect, and special care is 
needed to prevent these structures from being undermined by systematic or sud- 
den subsidence ot the thalweg. With respect to torrents, therefore, it is advisable 
to take steps to protect training walls from undercutting. 

Using longitudinal structures to prevent bed erosion instead of check dams to 
promote channel aggradation is not usual loneni control practice. How'e\er. ilicic 
may be sf>ecific cases — short reaches that cannot for some reason be conii oiled 
in any other way, for example — where a protective apron of large rocks (with or 
without mortar) may be necessary to facilitate rapid flow without detachment of 
bed materials. 
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2.1JSitiiig criteria 

Scdinu ni slorcii^e dams. TTiese arc conslruclcd upstream ol the damaged area and 
are iiDrmally placed across the torrent gorge to lake advantage ol the surrounding 
rock and ihe greater width upsireain, which allows large quantities of sediment to 
collect in the basin fonned. 

Check dams. When used to control bed erosion, they should be sited so as to 
facilitate aggradation in tbe erodible reach. When used to stabilize bank slopes, 
they should be positioned in such a way that the sediment wedge in the mean 
cross-section of the filtration area is hi^ enough to ensure its stability (Figure 
1 0). In such a case, the height of the dam will be Hsa-t-d^il- /^). 




a + d, I = H + d, - Ig 
H = a + d,(l-y 



Flfiire lA. Check dam (xx* denotes required doss-oection dl sediromt wedge) 



SiUs. These are transverse structures complementing training walls for bed 
erosion control in channels that do not slope steeply; they are constructed in 
oodible reaches where check dams cannot be used. 

Jetties. These help protect banks subject to localized erosion. However, by re- 
stricting water displacement, they can have an erosive and destabilizing effect on 
the streambed. They arc used to fiii in cuts and rectify channel curvature. 

Groynes. These are used to control bank erosion where the channel is wide 
enough to modify torrential flows; tiiey have the advantage of being more eco- 
nomical than jetties. 

Streambank revetments. When the channel is too narrow to divert the flow and 
the banks merely need protecting and strengthening, such revetments as riprap- 
ping, masonry or sodding are used. 
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Stepped profiles with non-erodible reaches. These are constructed in torrent 
debris cones and consist of training walls and grilled weirs which fix the channel 
and stabilize the bed. 



22 Design and calculation of dams 

Dam ticsiiiii iinohcs: 

• full uiicIlm standing of the torrential situation requiring control; 

• correct siting; 

• the choice of most suitable type; 

• a method of calculation appropriate to the static dimensioning of the structme; 

• a cautious hydraulic design limiting floodflow damage to the structure; 

• a technical and economic analysis of construction materials, availability, 
transport, etc. 

2.2.1 Dam classiikation. Stress analysis. Gravity dams. Most economic 
profile 

Dam classification. Dams are classified by function, method of calculation and 
construction material. 

The Convention on Torrent Control Works (Vienna, 1973) proposed a classifi- 
cation of these structures by shape and function, with a mention of the type of 

material used in their construction. 

The synoptic table on page 31 shows the main dam categories, classes and 
subclasses, grouped according to their shape, structure or composition. 

Operatinii slaves. There are three stages in ilam ojKM.iiion: ( 1 ) filling; (2) dur- 
ing and immediately alter aggradation; (3) once the bed has settled and become 
virtually impermeable. 

During the first stage, hydrostatic pressure is exerted on the upstream face of 
the dam; the pressure may be triangular or trapezoidal, depending on whether the 
height of the nappe above the crest is greater than or equal to zero; the specific 
gravity of the water will equal or exceed 1 t/m^ (the figure normally used is 
1.2 t/nr^) as the dam begins to siU up. 

in the second stage, weep-holes reduce the risk of increased sediment pressure 
by allowing water to filler through until the new hetl is properly consolidated. 

Once the third siagc - bed consolidation is complete, hydrostatic pressure 
is conlined to the dam wmgs, while the rest of the structure laces the push of the 
saturated earth. 

Analysis has shown hydrostatic pressure to be always greater than earth pres- 
sure, although the expansion and contraction of very clayey sediment as a result 
of changes in moisture conditions may sometimes be more damaging. 
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Conjli^uration ami andlvsis of forces exerted on dams. The lirsl dislinclion lo 
be made is between slabili/.ing and destabilizing iorces. 
Stabilizing forces are: 

• the weight of the stnictuie itself; 

• the veitica] component of water or sedimeirt pressure at the upstream fm 
sloping) and the above-ground part of the foundations; 

• the weight of the nappe above the crest; 

• the water pressure at the downstream face: and 

• the passive pressure of the soil against the downstream face and foundations. 

Destabilizing forces are: 

• hydrosialic pressure: 

• the passive pressure of the soil on the upstream face and foundations; 

• uplift; 

• stresses resulting from pressure drops (e.g. ice pressure and insufficient 
aeration below the free-falling nappe); 

• dynamic forces of varying origin; iad 

• lateral pressure from unstable slopes. 

Secondly, stresses acting on dams should be classified according to type, in- 
tensity and duration. For calculation purposes, the classification adopted here di- 
vides forces into three categories: basic, incidental and exiraoidinaiy. 

In a 1-m thick calculation module, the profile will appear to have a three-part 

cross-section (Figures 1 1 and 12): a central rectangle and two laterals of previ- 
ously determined shape with an area of Q', Q" and Q'" respecti\cly. // being the 
height of the dam. the base of tlie cross-section also appears lo consist of three 
parts, marked k'b, k"h and k"'h. The height of the overflow nappe is 2/3/i. the 
notch itself acting as a broad-crested weir. If y is the specific gravity of the sedi- 
ment-chaiged water, the specific gravity of the materials used in the stmctare 
and the specific gravity of the water, the forces involved are as follows. 

Baskfimes 

StabiUang forces 

• Weight of the structure (materials) 



• Y, ■ 1 W 



I Weight of earth above f oumiations at upstream face 

We, I = Kv Kv'—^ 
' 2 

at the downstream face 

2 



W O ^ 1 1 ^ i 1 1 O 1 I I U 1 I u 1 
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Basic forces 
Key: [WMl IncidentaHorces 

Extraordinary forces 




Figure 1 1. Forces acting on torrent control dams 
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Basic forces 
Incidental forces 
Extraordinary forces 
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Figure 12. Forces acting on torrent control dams 
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where the value of Kv depends on the chaiact^stics of the terrain, as per charts 
issued by the Railway Engineering Association, Chicago, Illinois. 

• Weight of water above the notch sill. Note that if 

/< 0.67/1 - it is ignored 
0.67 • /» < f < 2.5 h - it may or may not be ignored 
2.5 'h<t - it must be taken into account 

where / = K'b^ the thickness ot the notch. 

Wfc = -h'ty- 1 [t] 
3 

• Weight of water at the upstream face 
Destabilizing forces 

• Hydrostatic ]»essiuie at the upper face; distribution of the load nuiy be trape- 
zoidal or triangular, depending on whether the height of the nappe above the 
crest is or is not zero. 

1 . 

A = 0 P, = - Y - UtJ 

2 



h>0 Pi = + h^H y \ ItJ 

• Pressure of earth on the foundations (based on Railway Engineering Associa- 
tion charts): 

Upstream P^^ ^ UJ 

downstream i^^ = [t) 



(horizontal pressure of upstream earth) - Kn • 



^Ei (horizontal pressure of downstream earth) = Kh • 
h^^ = height of upstream sediment (m) 
~ ^'S^' downstream sediment (m) 



h2E2 
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A!^ = function ul Rankine's tormula without considering cohesion 

1 - sin a 

= Y- — 

1 + sin o 

Y£ = weight of sediment under water 
a s angle of internal friction of earth 

iHcidaitaifones 

Stabilizing forces 

• Weight of water at the downstream face VVy/. This is only a factor when down- 
stream waters are fairly deep. Friction at the lower face is not normally taken into 
accoimt either. 

Destabilizing forces 

• UpHft. As a general rule, the destabilizing effect of the interstitial pressure of 
the water saiuiatuig the pores of the material does not enter into design calcula- 
tions. For destabilization to occur, there would have to be continuous hydrostatic 
piessure on the dam face, which is prevented by weep-holes. The same applies to 
contact with the foundations if the dam is to be built on rock. Uplift only comes 
into play when foundations are laid on permeable soil. According to Levy*s fcnr- 
mula: 

1 

a - (ff + A)c Y l [t] 
2 

where c is a reduction coefficient depending on dam foundation materials. 

= 0 - for rock 
c = 0.5 - for rock fragments 
c B I - for permeable materials 

In evaluating this force, the trapezoidal distribution of the head of water on the 
downstream fact is ign(»ed as being of little significance. 

Extraordinary fmrees 

SusinUzing forces 

• Weight of overfall nappe on the dam's lower face, as a result of the formation 
of a back current due to an energy dissipator 

Wo" -n^' Y-iM 
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• Pressure of overfall nappe on the lower face 

2 

Destabilizing forces 

• Ice pressure Tlii^ arises due to the etlecl ot temperature \ariatii)ns on the ice 
which Ibrnis on uupoLiuded water in mountain areas. It becomes relevant once the 
ice is more llian 20 cm thick, with a value of 2.5 1/0.1 m ol iliickness per linear 
metre of crest. 

• Dynamic pressure. This is produced by rapid flows, tofiential washes, bedload 
impact or earth tremors. The forces produced by a rapidly flowing stream mainly 
affect the upstream dam face, because the water arrives as a jet and adds to the 
hydrostatic pressure. The value of these forces may be estimated by 

F = ylg ' H • v~ where v is the velocity of 
the stream and y/^ the density of the water 

Ho\ve\ er. these effects are restricted to the crest area of closely spaced dams 
in fasi-llovving mountain torrent reaches. 

Torrential washes, or mudtlows, consist of a mixture of semi-liquid materials 
whose high specific gravity (around 2.5 t/m^), high roughness coefficient and 
above-average velocity (approximately S m/s) endow them with an immense de- 
structive force seven to ten times that of hydrostatic pressure; consequendy, diey 
necessitate much larg^ structures. If the datn is to withstand the impact of the 
sediment load, the crest and wings need to be at least 1.3 m thick. As a general 
rule, the reservoir formed before the arrival of fasi-llowing waters is enough to 
protect the structure from these dynamic forces, with the exception of torrential 
washes for which each case needs to be considered separately. 

• Lateral pressures caused by unstable scdiincin loads. Unstable sediment runoff 
usually occurs at an angle to the channel axis and exerts considerable, but not 
easily quantifiable, pressure on the structure, particularly the wings. Rigid struc- 
tures, therefore, should have an independent central core with flexible compo- 
nents. 

Other deslahilizing forces 

Stresses arising from the depression that occurs w hen water flows over the notch 
without coming into contact with the dam face need to be considered onl\ rarely 
in the case of hydrodynamic profiles. The same applies to stresses that may dc- 
\c\op w ithin a structure because of volume variations caused by physical, chemi- 
cal and intrinsic factors. 

Analysis of possible stresses on the structure shows it is necessary to distin- 
guish between different load configurations, depending on the system adopted 
for the structure and the characteristics of the area where it is to be built 
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First scheme. Only two forces are considered: the hydrostatic pressure result- 
ing from a triangular pressure pattern {h = 0) on the dam body, and the weight of 
the structure itself. Applicatioii: design of step-wise cofiectioD wodcs. 

Second scheme. Two additional forces are considered: the increased hydrostat- 
ic pressure on the dam face applied by the height of the water above die notch 
and the weight of this water on the crest. Application: check dams not spaced in 
series, or built across very broad channel sections, or, more frequently, sediment 
storage dams on compact ground. 

Third scheme. The hydrostatic force exerted by the total head of water on the 
whole dam face (including foundations) is taken into account as well as uplift on 
the foundation floor. Application: sediment storage dams constructed on perme- 
able ground. 

Fourth scheme. Sediment load and it)rrenlial wash pressures are added lo the 
list. Structures affected by these aspects need to be designed specifically with 
them in mind. 
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* Useful life IS reckoned as 50 years. 

* Only in torrents wtiere there is appropriate constnjction maieriai. 
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Dam utilization criteria. Economic evaluation is, of course, an integral part of 
any dam project, and involves not just the choice of structure, or its size, but oth- 
er considerations as well: useful life of the dam; maintenance; available equip- 
ment and manpower, building supervision and so on. These considerations are 
summarized in the table on page 39 according to type of material employed. 

Gravity dams. Gravity dams are dams whose own weight is the main influence 
on their stability. The following design conditions need to be met: 

• At no point in the dam should tractive forces ever reach significant levels. Note 
that the resulianl of all the outside forces acting abo\e any particular horizontal 
section should remain inside the central core. (This condition gives a safety fac- 
tor against overturning of more than one.) 

• The dam should be staUe enough to prevent sliding along the base or any hori- 
zontal joint. Consequently, the resultant of all the forces acting above a section or 
the base should lie at angle a to the vertical, so that tan a is less dian the cone- 
sponding roughness coefKcient (masonry against masonry, or masonry against 
foundation materials). 

• Compressive forces acting on dam materials should not exceed permissible 
levels. 

Verification of the calculation hypothesis involves (Figure 13): 

• Accepting Hook's law (linear relation of stress to strain) and the consen ation 
of plane sections, and calling the summation of all the vertical forces LF^ , which 
gives: 





where ««-r 



= 0 [kg/cm2] 



21 Fv 



b 



[kg/cm2] 



tan a ^ cp 



<p s roughness coefficient 
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C) 




anHucso.[1 +iar!^|q<lolannc8 ot the 

(MlMtal being considecsd 



Ffgnre 13. A. Calculatioii of stresses transmitted by gravity dams 

B. Check for sliding 

C. VexificatioD of ccmipfcssive foix^es wittiin ttie stnictuie 



0.75 to 0.6 rock 
^pJ 0.5 gravel 
^ 0.4 sand 
^ 0.3 clay 

• O « Od 1 1 + tan- Bl < tolerance of the material being considered. 
Most economic profile (Figure 14): 

Y(kg/m^) water with sediment 
Yg(kg/m^) masoniy 
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Forces 



P = 



1 2 



1 

= - p .^ 
2 



Leverage 

2 b b 
XiW,) = - p- = - (2-p) 

3 i i 



1 2 

= - U - p)b H y, X(VV2)= - ^ - 

2 3 



1 



-p).]=-;u- 



2p) 



Taking mumenu with relaiion to M: 



1 . ^ 



-yW + b~ lYp(2 - p) + Y5 (1 - P)] = 0 



hence b 



H 



v'; (1 - p) + p(2 - p) 



db 

for detennined values of H — s 0 

rfp 



so that: p = 1 - 



2Y 
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Approximate values are: y^ = 2 400 kg/m^ and y = 1 200 kg/m^, p 0. The most 
economic theoceticai profile is, therefoie, a triangular one with a vertical upstream 
face. 

Overflow design and calculation 

Types oj ovetjlow 

Dams are usually designed with a notch or overflow to let water through. Gener« 

ally, the overflow can take two forms: free fall, where the nappe separates from 
the dow nstream face, or a hydrodynamic (S-shaped) profile that allows water to 

run dow n the face. 

The free-fall type of overflow is the easiest to huild and the most common, 
since it reduces face erosion by scdimcni. Ovcrtlows with h> tirodynamic profiles 
should only be used where the height of the nappe above llic notch sill is signitl- 
cant in relation to the height of the dam. 

Stages of hydrodynamic operation 

The stages def>end on the amount of sillation. The [w o boundary cases arc: when 
no silting has occurred: and when the storage pool has complelely silted up. and 
the accuniulaicd sediment has attained the equihbrium bed slope. Overllows are 
usually designed on llie latter basis. 

Design of free overjJows 

Free overflows ncvmally have flat sills, no rounding of the edges or walls, a trap- 
ezoidal section to facilitate aeration below the nappe and the passage of lesser 
flows and slopes of between 1/1 and 2/1. They are generally centred over the 

downstream channel to prevent bank erosion (Figure 15). 

Narrow downstream channels call for a compersite notch (l iizuro 15) cimsisiing 
of a lower section centred o\ er the channel for normal lloodflows and a sliallower 
(/i, < 1 m) upper section lor larger but less frequent discharges. As the overflow 
may cause bank erosion, complementary protection woilcs will be needed. 

Desij^n of overflows with hydrodynamic profiles 

The notch is rectangular in section, with vertical sides, and is centred over the 
downstream channel. The design of the overflow crest and the dow nstream face 
follows the curv ature of the hydrodynamic profile adopted. The shape of the pro- 
file depends on the head, the inclination ol the upstream lace of tlie overflow sec- 
tion and the water's velocity of approach. The profile is defined as it relates to 
axes at the apex of the crest (Figure 16) and follows a parabola whose equation 
is: yift = K{xlKf where K and n are constants depeoding on the slope of tfie up- 
stream face and the velodty of approach. 
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Downstream channel 
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Oowmstream channel 



Figure 15. Design of free overflows 



Although the Creager profile is the one normally used: y/Zi = 0.47 the 
Bureau of Reclamations profile is better suited to sediment-filled dams: ylh = 
0.5 U//i)' »^. 

The approximate profile shape for a crest with a vertical upstream face and a 
negligible velocity of approach is constructed in the form of a compound circular 
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Origin of coordinates 




h 




H 







HgPR 1^ Design of an oveiflow with a tiydrodynainic pnrfile 

curve with radii cxprcssccl in terms of /i (Figure 17). In normal conditions, with 
small spillways where the height (//) of the dam is greater than or equal to /i/2, 
this pn^le is sufiBdently accurate. However, vAnae H is less than A/2, the para- 
bolic proCQe should be used. 

Length of notch 

As mentioned :ihove. the ncnch Icnizth is dctemiined bv the width of the down- 
Stream channel. Furihcrniore. if the length (L) entails a significant contraction of 
the flow upstream of the o\ ertlow, this needs to be taken account of in the calcula- 
tions by adopting a useful length L^^ = eL , in which c = L - IKh) I L where K = 0.2 
(for sides with faces normal to the flow and right-angled edges); AT = 0.1 (the 
same, but with rounded edges); K = Q (for splayed sides at 45° to the flow, with 
rounded edges). 

Height oj notch 

The height depends on whether the dam is filled or not and on the discharge 

Q (ra Vs). 

Unfilled dams with free oveiflows usually have thick-walled notches, i.e. / > 
2.5A,in whichcasethefocmulaAs (Q/ 1.705 L)^ can be used. 

The notch hei|^ of unfilled dams with a hydrodynamic profile can be calcu- 
lated on the basis of A » [(2 / (0.3 L 

In filled dams with a free overflow, th e critical depth is reached. In these cir- 
cimistances. the formula h s Vq^ / igl?) should be used for rectangular notches. 
It can also be applied to trapezoidal notches providing they are not too high, L 
then being the average length of the notch. 
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^ ^ « 0217 

•« <M S 0 1,47.. 



2.758 h 



1.B40h 



1 230h 



0.563 h 
h . f 




R1 = 0.235 h 

R2 = 0 530h 

R3- 0.825 h 

R4« 1.410 h 

RS= 2 800h 

R6= 6 500h 

R7 = 12.000 h 



Figure 17. Design of an overflow with a hydrodynamic profile: compound circular curve 
with radii (/?) expresssed in terms of the head (h) 



For higher trapezoidal sections, use h = (Q^ L^, / g)^'^ {L^, - nth) where m = 
slope of notch walls. 

Finally, filled dams with hydrodynamic profiles should use either 
y / h = 0.5 U//i)' ^^, or the compound circular curve profile. In both these cases, 
h - is obtained from: 



Q = 1.705 L {/i + [Q/{hL)\- I 2g) 



3/2 
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2.23 Design components 

AllliDugti design coinponenls have lo be dcliiicd on a case-by-case basis accord- 
ing to stress patterns, calculation methods and so on, definitions of the following 
are always required: 

• dam height 

• thickness of crest 

• thickness at base and face slopes 

• foundations 

• weep-holes 

• energy dissipators (baffles, launching ramps, etc.) 

• contraction joints 

Height oj dam 

Height will depend on the pmpose of the structure and on economic considera- 
tions. For sediment storage dams, the site with the largest sediment-holding ca- 
pacity will need to be carefully determined and the heigttt which gives the laigest 

rates of stored volume to dam volume calculated. If. however, consolidation is 
the immediate objective, then the height wil) be such that the tail of the sediment 
fill is situated a distance d from the original site (Figure IS). 

However, even where there is a rt)ck surround to ensure the dam s siabiliiy, a 
check still needs to be made that the height ol the accumulated sediment docs not 
cause any difficulties further upstream, such as the silting up of a bridge or the 
flooding of crops due to too sleep a rise in the streambed levd. Sometimes, it 
win also be necessary to check whether aggradation m the average cross-section 
is having the expected stabilizmg effect on banks (Figure 18). 

Thickness of crest 

Although triangular dam profdes are the most economic, the upper part of the 
structure needs to be thick enough to absorb pressure from the silt-laden water 
behind (Figure 19). 

Taking AA' as the hcMrizontal plane, the upper part needs to be able to resist 
horizontal slide pressures. If 9 is the coefficient of roughness (material against 
material), then for a 1-m wide section <p must be MP, where 



W = (tx Mix' tana)Y, W 




hence 



^(t -¥ x/2 tan a) Y, » (x/2 + h) y 
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Figure 18. A. Sediment storage dam: its height threatens crops on the bank 

B. Sediment storage dam: its height reduces the bridge's flow section 

C. Detention dam: its height helps stabiUze the bank 
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Figure 19. Thickness of cnst in a gravity dam 

And, where jc is small enough, / (p - h y 
h-y 

hence / = 

When all the vahies of y, (p and y^ are known, an approximate value for h may 
be obtained from the formula for critical depth in a rectangular channel given a 
design flow Q: h^H Q~ I h^g (m\ in which 6 is the overflow width (m), Q the 
design flow (m^/s) and g = 9.81 (m/s^). 

Among the other experimental formulae used by various authors, one gives the 
thickness directly as a function ot dain height and a coefficient £ (a function of 
particle size) which varies between U. 1 and 0.2: 



If there is a risk ol mudtlows, the thickness should not be less than 1 .3 m. 

Thickness at base and face slopes 

Thickness is defined on the basis of the stability conditions given by the chosen 
method of calculation and, on occasion, by the slopes of the upstream and down- 
stream faces. 



t-OJ + fH ImJ 




so 



The upstream face is normally vertical, while the downstream face slope de- 
pends on how slim the structure is to be. Over the years, the downstream face 
slope has been increased fh>m 0.2 to 0.6, resulting in a slimmer structure and re- 
ductions in volume of up to 30 percent. 

On the minus side, streamlined dams are more prone to damage from the in- 
creased impact of the overflow on the dam face. To prevent this damage, tan a 
should he less than V (2/i / where /t is the depth of the overflow and H the 
height of the dam. 

Foundations 

Foundations are designed primarily in such a way that the soil's carrying capac- 
ity is not exceeded, and there is no danger of subsidence. In certain instances, 
therefore, and especiallv in the loose soils commonly encountered in riverbeds, 
some kind of substructure will be needed to help spread the load. 

Dam foundations are usually shallow, since the loati is transmitted directly to 
soil level without any lateral friction. In these conditions, the maximum and min- 
imum load values, assuming linear distribution of structurc-transmiiicd stresses, 
are: 



Base the average load transmitted to foundation level that is permissible tor 
the type of ground on: o= 1/4 (3a +a^j<o. 





Type of ground 



o permissible (icg/cm^) 



Gravel 



5-10 



Coarse sand 



3-5 



Medium sand 



1.5-2.5 



Rnesand 



0.9-1.5 



Clay 



very variable 
(requires special studies and analyses) 
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The hydrodynamic impact on soils is another iniponant factor, since it may 
cause siphoning (which can destroy the structure) as well as directly alTecling up- 
lift. Each case needs to be k)oked at individually lo see whether indented founda- 
tions would help counteract tlic effect. 

Weep-holes 

Weep-holes are nonnally built into dams to reduce the height of the nappe above 
the crest and to provide drainage once the structure has completely silted up, 
avoiding prolonged hydrostatic pressure at the iqistream face. We^holes can be 

buiU in several different ways and may take various forms, from simple plastic 
tubes traversing the structure to proper openings (usually 20 X 30 cm). In any 
event, iherc slnnild always be a downward gradient of 3 percent between the 
upstream and downstream laces. Normal practice is to have one weep-hoie for 
every 6 m- of face. 

Energy dissipators 

The velocity of the overflow may result in toe scouring, undermining the 
structure's stability. A study of the hydraulic characteristics of the overflow will 
reveal what woric is required at the downstream base of the structure to preserve 
*it In some cases, all that has to be done is to protect the torrent bed with erosion- 
resistant materials. In others, a stilling basin (usually enclosed at the downstream 
end by a subsidiary weir) may be required. .Alternatively, launching ramps can be 
built to direct water away from critical points (Figure 20). 

Contraction joints 

When a structure measures several tens of metres across, contraction joints 
should be used to prevent cracking. Although not absolutely essential, these 
joints do help absorb variations in volume caused by changes m temperature or 
retraction of the concrete as it hardens (difTerential settlement nuy occur when a 
structure rests od difGoent kinds of malerial). There are various ways of makii^ 
these joints, but the cheapest methods are the commonest: waterproofed plane 
joints coated with asphalt or a similar bituminous substance. 



2^4 Masonry and concrete dams 

For calculation purposes, these consist ol straight plan gravity dams which are 
less than 15 m high and made of masonry or nK)noliihic or c\clopean ct)ncrete. 
The calculation methods given here will ensure structures are satisfactory trom 
the economic point of view. As the weight of the malerial is the main favourable 
force, it should naturally be as great as possible. The following weights are 
guides: 
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Masonry: Granite, gneiss or limestone 2 4(K) 

Sandstone 2 1(K) 

Concrete: Granite aggregate 2 360 

Limestone aggregate 2 280 

The weight of masonry or concrete usually varies between 2 300 and 2 400 
kg/m\ The concrete or masonr>' dam typically used in hydroforestry work con- 
sists of a main body and two wings as illustrated in Figure 21. 
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Figure 20. Energy dissipators 
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Figure 21. Perspective ol a gravity dam 

The main body is a trapezium with a vertical upstream face and a sloping 
downstream one. At the wings, a rectangle is superimposed on to the trapezium, 
which rests on the crest of the main body and w hose height corresponds to that of 
the notch or overflow. After calculating the useful height H (m). the height h of 
the nappe above the crest (m), and the thickness of the crest / (m) or the slope n 
of the downstream face, die schemes described below may be used lor calculat- 
ing the main body. 

First calculation scheme 

Only two forces are considered: the weight of the material W (favourable) and 
the hydrostatic pressure P (unfavourable), assuming /? = 0. In order io keep the 
volume of the structure down, the resukuni of VV and F is made to pass tluough 
the downstream end of flie central coie. For a length of 1 m, the thickness of the 
base can therefore be obtained from the following formula: 

*(m) = y/[(5t^/4) + (y/y,)] - r/2 

In channels with a slope exceeding 1 5 percent, it may be more economical to 
have a trapezoidal profile with a vertical downstream face. Working on the same 
basis as before, this gives: 

b (m) = ^H^ - l(Y, - y) / y]? 

The diagrams for calculating h (m) and the area A (m-) of the section corre- 
sponding to this furst scheme are given in Figures 22 and 23. 
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Figure 22. Graph for calculating the dimensions of a gravity dam (crest and base thick- 
ness) according to its height 



Second calculation scheme 

Figure 24 shows the dam in section and the forces that have to be taken into ac- 
Ci;iunt when calculating the main body. The dam ABCD not only has to be stable 
along its base CD but also across any intermediate section A'B'. The stability of 
tlie portion ABA'B', in which A'B' is any horizontal section between AB and CD, 
must therefore be studied. 

Since all the calculation expressions obtained are homogeneous, it is easiest to 
take the total height of the dam AC as unity and relate all the other measurements 
to it. To obtain the actual dimensions, just multiply the results by H (the height of 
tlie dam). 
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Section area (m^) 




Hilckness at base (m) 



Figure 23. Graph for calculating the dimensions of a gravity dam (section area and base 
thickness) according to its height 

Lengths 

AC = overall height of dam - 1 m 
m = AB = thickness of crest 
m + n = CD = thickness of base 
q = AA' = height of section A'B' 
p = height of nappe 
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Forces 

Wq = weight of nappe above crest 
W = weishl of dam bod\ ABA'B' 
P = pressure df water againsl AA' 
U = upl ill through .A 7^' 

= specific gravity of niu:»oiir} 
Y = specific gravity of water 



It is assumed that the water pressure at /V will correspond to a head of water 
{q + p) and* at A« to a head {p). The measurements ip) and {p q) have been 
taken as the bases of the pressure trapezium. It is also assumed that the weight 
(IVq) of the nappe (height p) acts on the ciest AB. For the reasons explained earlier, 
upUft is not taken into account. 

If moments are taken of the three aforementioned forces (in relation to ,4'). the 
resultant should fall within the central third. The values of the forces and their 
leverage are 

2 

2m + nq -m + (m + nq)" + m (m + 



W = ^qy, XiW) 



3 (Ini + n0 



2p + q q(q + 3p) 

2 3{q + 2p) 



Regarding the relation A-yJ y, 2 400 kg/m^ is the generally accepted spe- 
cific gravity for masonry and 1 200 kg/m^ for water with suspended sediment; 

therefore A = 2 is a reasonable approximation. 

The requirement that the resultant should pass through the downstream end of 
the central core leads to the expression 

n = m{p -i- 1.5) + ym" iP' + 2.5/;) + 1.25 + l.5p + 1 

The central core condition in the wing section gives rise to the following con- 
•Jilions: 

p (p + 3) - 

n > ^—^ , and m > p 

Am 
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Figure 24. Forces acung on a gravity dain 
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In addition, the no-sliding condition, in which (p is the coefficient of static 
friction, gives the following expression for the main body: 



n ^ 



( I /// ] 3 
vcp q J 2(p 



and in the wing section: 



+ I 



I 



.-9 U/ 



+ I 



2m 



V J 



which, with (p = 0.75, gives 

f/ (3// - 2) + 2i/(3«/ - 2/)) 4- 3/w;/ > 0 for the main body 

(3// - 2) + 2f/(3/« - 2/;) + 2p (ini - pi > 0 

which, given ihc \akies adopicd for the thickness of ihe crest (in > Ipl?*), ensures 
that the wing section is at least as stable as the main body. 

Summary 

The values of m and n, which define the dam's dimensions, should fulfil the fol- 
lowing conditions: 



n ^ -(1.5 + /?)m + v/l.25 + (15 p + p^)m- + \.5p + 1 
inipo.scd by the central core condition in the main body of the dam. 



(I) 



m>p 



(II) 



« > - 0.25 m + 



/>(P + 3) 
4m 



(ill) 



imposed by the central core condition in the wings. 
Observations 

The CDiuiiliuiis miposed arc not the onK ones essential ti>r dam stabilily. J or ex- 
ample, the bearini: capacity of the malcrial should not be exceeded, and the dam 
sliDuld be just as stable when the basui is lull as when it is einpiv ll()\vo\ci. 
since these conditions are noi especially relevant lo the si/e ol siruciuic dealt 
with here, we will not elaborate on them. 
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0 10 0 12 0 14 0 16 0 18 0 20 0 22 0 24 0 26 0 28 0 30 0 32 0 34 0.36 0 38 0 40 m 



I - (b/H)p 
ll-(A/H\ 



Example: m = t/H ■ 0.22 cuts thecuivel(ti«)p = 015 with m b/H = 0 754 b = 0 754 H 
p = h/H = 0.15 cuts the curve II (/VH^) p « 0 15 wilti m A/HP = 0 487 A = 0 487 

Figure 25. Graph for calculating the dimensions of a gravity dam according to the record 
calculation scheme 



Since the objective is to present results in the form of tables and graphs 
(Figure 25), a number of these are provided in the following pages. However, the 
assumptions adopted in the calculations are by no means exhaustive; the reason 
for choosing them in particular is that they are the ones usually encountered in 
this type of structure. Some of the factors undemiining dam stability have not 
been considered here — for example, the dynamic force of the water, uplift and 
the friction between the nappe and the crest. At the same time, one favourable 
condition that has not been taken into account either is the fact that the dain is an- 
chored to its foundations and its wings to the ground. This is the reason for not 
suggesting here that some kind of safety coefficient be applied to the dimensions 
resulting from the above calculations, as this precaution is best left to the individ- 
ual to decide in the light of his or her own ex|>ericncc. 

The table on page 60 gives the values Ibr ni + luf, in line with the conditions 
set out above, for a series of values of /// and /> within the normal range for this 
type of structure. From now on, h will be used to represent {m + qn) II. 
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The values for area/H' are also given in tabular and graph form. The following 
notations have been employed in the graphs and tables: H = height of dam; 

h = height of nappe: i - lesser dam base. 

These data allow us to calculate p - hlH. giving the curve of the graph, and 
m - i/H. giving the abscissa. For example, if/? = h/H = 0.15 and m = t/H - 0.22, 
diis gives a figure ot 0.754 for /;/// and 0.487 lor A/H-. 

Thus for the main dam base and its area 

b = 0.754'H 

A = 0.487 • Ifi (notch section) 

A ' - (0.487 + 0.22 '0A5)ifi (wing section). 

It will be seen that the only values forp used are 0.05. 0.1. 0.15, 0.2 and 0.25. 
Other values may be interpolated, or the next highest one chosen instead. 

Other gniphs can be drawn using this calculation scheme to obtain the thick- 
ness ol the base b (m). in relation to llie liciL'ht // (m) and the height of the nappe 
above the notch sill /; (m) together with the maximum acceptable stress K 
(kg/cm-) and the coclficient safety (t (Figures 26-29). 

The following table gives values for dimensioning the dam body (o^ = 
0.5 kg/cm-; = 2.4 t/m\ y = 1 .2 t/m^ and 6^ = 0. 10). 



• s0.80 



H 

(m) 


b 

(m) 


A 

(m2) 


(kg/cm2) 


6 


2.00 


1.00 


1.80 


1.21 


1.34 


2.50 


1.32 


2.64 


1.53 


1.48 


3.00 


1.71 


3.76 


1.69 


1.62 


3.50 


2.10 


5.06 


1.85 


1.73 


4.00 


2.51 


6.62 


2.02 


1.83 


4.50 


2.92 


8.38 


2.18 


1.93 


5.00 


3.34 


10.35 


2.35 


2.01 


5.50 


3.76 


12.55 


2.52 


2.06 


6.00 


4.19 


14.97 


2.69 


2.15 


6.50 


4.62 


17.61 


2 87 


2 21 


7.00 


5.05 


20.47 


3-04 


2.26 


7.50 


5.48 


23.56 


3.21 


2.31 


8.00 


5.92 


26.87 


3.38 


2.36 


8.50 


6.35 


30.41 


3.55 


2.40 


9.00 


6.79 


34.17 


3.72 


2.44 


9.50 


7.23 


38.15 


3.90 


2.47 


10.00 


7.67 


42.37 


4.07 


2.51 
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01 2345678 

Thickness at base b (m) 



Figure 26. Graphs for dimensioning the dam body for various values of h. in accordance 
with the second calculation method 



Although the use of graphs and tables helps in prcdimensioning the dam, a 
number of other checks will still need to be made to ensure that: 

• There is no risk of sliding over the foundations (safety coefficient > 1.3). 
N. B. These safety coefficients are merely illustrative. 

• There is no risk of overturning with respect to the downstream end of the foun- 
dations (safety coefficient > 1.5). 

• The bearing capacity of the ground supporting the foundations is not exceeded 
(safety coefficient > 2). 

• The maximum allowable stresses on the various materials are not exceeded at 
any point in the structure. 
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01 2345678 



Thicknass at base b (m) 

F^nre 27. Gn^hs for dunensiomng the dam body for various values of A, in accoidaiice 
with the second calculation method 



As regards the maximum tensile stress of concrete or masonry, most countries' 
regulations do not allow any traction and fix a limit of 35 kg/cm^ for compres- 
sion (higher than the materials in gravity dams normally bear). Experience 
shows, however, that monolithic structures can withstand a small amount of 
traction. 

Third cakiihtion scheme 

This scheme is similar to the previous one, but also takes account of uplift U. For 
reasons of economy, the resultant should pass through the bottom of the central 
core Af (Figure 24). 



Copyrighted matBrial 



64 



^ ^ ^ ^ ^ 




6 7 8 

Thickoess at base b (m) 

Figure 28. Graphs for dimensioning the dam body for various values of h. in accordance 
with the second calculation method 



The calculation is as follows: 
• Coordinates of c (centre of gravity of the trapezoidal section), with respect to M: 

{nq + my + m (m + nq) - m" 

X = 

3 {nq + 2m) 

qinq + 3m) 

V = 

3 {nq + 2m) 

Forces Leverage with respect to M 

Wo = m p y {y = 1 200 kg/m^) x{Wo) = - {4nq + m) 
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Thickness at base b (m) 



Figure 29. Graphs for dimensioning the dam body for various values of h, in accordance 
with the second calculation method 



W =- q y, (Y, =2 400kg/m') x{W)^— — 

2 3 (n^ + 2m ) 

1 1 

U = - (nq + m)(q + p)yo 'C x (U) = - (ng + m) 

2 3 

0 rock 

(Yo= 1 OOOkg/m^) c=^0.5 loose rock 

1 soil 



x(P) = 



q(q + 3p) 
3 W + 2p) 
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Central core condition (the resultant R must pass through A/): 

Wo -xiWo) + W'X{W) - U xiU) - F xiP) = 0 



No-sliding condition: 



W + Wo - U 



roughness 
coefficient 



0.75 rock 

0.6 transit earth 

0.5 sand 

0.4 gravel 

0.3 clay 



Forces 

nq + 2m 
W = ^ ^ q ys 
2 

nq + m 



U = 



2 



iq p)yo 'C 



+ p\y 



2 



Leverage with respect to M 



1 



xiWO = -(4n^ + wi) 
6 



(nq + m ) m (nq + m) - 



3 i/iq + 2m ) 



1 



jt ({/) = - {nq + m) 
3 



X (Pi ) 



3 W + 2p) 

( 

= ^ + - 
^ 3) 



Central core condition: 

W^'x{W^)*W'x(W)-P'x(P)'-P^*xiP^)-U'x(U)^0 

No-sliding condition: 

P + P, 



- ^ roughness coefficient 
W + Wi - u 

Permissible ground load: 

3 W + W - U ^ 

1 < 

2 nq + m 2 kg/cm- (coarse sand) 

2JL,S Gabion check darns 



I he characteristics of gabions are described in Chapter 4. Calculations for these 
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structures, however, should give particular importance to determining their ap- 
parent specific gravity y , wbidi is a fimction of Ae stone's specific gravity y^, 
size and porosity. The vmues of for the various types of rock aie: 



P . SpecMc weight 

Basalt 2900 

QranHe 2600 

Hard limaalone 2 600 

Trachyte 2 500 

Sandstone 2 300 

Poiout limeslone 2200 

TUfa 1700 



The diagram in Figure 30 enables Hgtobt obtained in function of and n 
where y^ = yfl - n). Experience shows that jg varies between 1 200 kg^i^ and 
1 900 kg/m3 for values of between 2 000 and 2 700 kg/m^ and values of n 
between 0.25 and 0.40. 




1 000 1 500 2 000 2 500 3 000 kg^'m ' 

Figure 30. Diagram show ini: the determination ol the apparent specific gravity of the 
gabion y^, given to y^ of the fill material and die porosity of die gabion n 
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Calculation of gabion check dams 

This calculation basically involves applying two conditions to each hmizontal 
joint: no sliding and no tractive stresses in the body ol the structure. 

In masonry dams, for which the calculation conditions are very similar, the 
least-volume profile was shown to be a triangular one with a vertical upstream 
face. It is even more appropriate for gabion structures, because the gaps lessen 
the vertical pressure of the water on dams with sloping upstream faces. 

In calculating each of the three profiles referred to, it is assumed that pressure is 
exerted on the upstream face when water containing suspended sediment of spe- 
cific gravity 7 (t/m^) reaches the notch siU. Such a simplified load hypothesis is 
acceptable for small dams of this type that are built in highly torrential channels 
and silt up very quickly; in other words, the height of the wato* flowing over the 
notch during the siltation period is only of relative importance and can be left out 
of the calculation, particularly in view of the fact that the sizes of gabions avail- 
able commercially will result in a structure that is bigger than necessary anyway. 

Application to regular stepped profiles (type 11) 
• No-sliding condition: 



i ~ 1 



'Y 



a 



12* • T» ) 



• No-traclion condition: 



d ^ 



2i - 3 



-3a + 



-2 



2i 



i - 1 



For each dam height i, the largest value lor d will be the one used in the 

structure s design. 

The value of a is given by liie following conditions: 

• No-sliding condition: 



a ^ 



Central core condition (no traction): 



Y 



These conditions are amply fulfilled by the usual values of y and y^, with 
a B 1 m (the widtfi of the standard commercial gabion). 
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For y = 1 .2 t/m\ = 1 .55 t/m\ (p = 0.6 and a = 1 m. the following table gives 
values for the width of step d (m) and volume V (m^) per metre of length, for 
dam heights H (m) of 2-8 m. 

(I) 



H 2 


3 


4 


5 


6 


7 


8 


d 0.63 


0.94 


1.05 


1.11 


1.15 


1.17 


1.19 


V 2.63 


5.82 


10.30 


16.10 


23.25 


31.57 


41.32 


Step design and volumes 


for commercial gabions, at intervals of 0.5 m: 




(II) 














H 2 


3 


4 


5 


6 


7 


8 


d 1.00 


1.00 


1.50 


1.50 


1.50 


1.50 


1.50 


V 3.00 


6.00 


13.00 


20.00 


28.50 


38.50 


50.00 



This design involves a volume increase of between 3 and 26 percent depend- 
ing on how closely the size of the commercial gabion corresponds to the theoreti- 
cal dimensions. 

With the above type of dam, which has a fixed-width crest ( 1 m). step widths 
can range in practice from 1-1.5 m. Damage, however, can be caused when large 
volumes of water loaded with coarse sediment fall on to the lower steps of the 
downstream face — even if the lop of the step is coated with cement mortar. To 
prevent this damage (always assuming it can be predicted from the torrent's char- 
acteristics), another design should be used with a fixed step width of 0.5 m (the 
smallest commercial gabion size), and a crest width a (m),which depends on dam 
height and stability requirements. On this hypothesis, a should fulfil the follow- 
ing conditions: 

• No-sliding condition: 

7/ / - I 

a > — 

• No-lraction condition: 



-3(/ - 1) + yli' (5 + 16 I) - 8/ + 3 



4 
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Without changing the values of the parameters considered earlier, the table be- 
low gives the crest width a (m) for dam heights tf(in) of 2-8 m, together with flie 
volume V (m^) per metre of length. 



(DO) 



H 


2 


3 


4 


5 


6 


7 


8 


a 


1.13 


1.44 


1.83 


2.23 


2.62 


3.02 


a4i 


V 


2.76 


5.82 


10.32 


16.15 


23.22 


31.64 


41.28 



This design gives similar volumes to those above but with the additional ad- 
vantage of reducing water impact on the downstream face; it should therefore be 
used in preference to the others. 

Adapting these restilts to commercial gabion dimensions gives the following 
values in practice; 



(IV) 


H 


2 


3 


4 


5 


6 


7 


8 


a 


1.50 


1.50 


2.00 


2.50 


3.00 


3.00 


3.50 


V 


3.75 


6.00 


11.00 


17.50 


25.50 


31.50 


42.00 



These volumes arc niucli ihc same as. or lower than, those for the other model, 
except in the relatively infrequent case of dams 2 m high. 

For the wings on either side of the overflow notch, the following measure- 
ments apply, depending on the height h (the values of % and (p remaining the 
same as before): 

(V) 



h 1 1.50 2.0 

Upper row width 1.0 1.0 1.0 

Lower Rwvwldlh - 1.0 1.5 



The following remarks arc in order: 
• A height of I 5 m can be achieved by using conuuercialiy available 0.5 m 
gabions in the upper row. 
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# However, the figures are not applicable to the type of dam considered in (I), 
where A s 2 m, and no other size is stable without altering the thickness of the 
ciest (a s 1 m). 

• The 1.5 m width given for the lower row when A s 2 m is slightly less than 
the theoietical value ( 1 .63 m) for a naf|ie heigfat of 2 m; it is, however, perfectly 
adequate in most cases as it fulfils the stability conditions for heights of up to 
1.9 m. 



2J.6EarthfiUdams 

Loose niaienais are used because of their advantages for construction, their struc- 
tural simplicity (for heights up to 10 m) and the limited demands they make on 
foundations or bank connections (they are flexible and able to adapt to differen- 
tial consolidation in compressible ground). 

Despite these advantages, eaitfafill dams present considerable difficulties when 
used as check or sediment storage dams, because water cannot be allowed to 
flow directly over the downstream face. A different type of overflow design 
is therefore called for, unless special precautions are taken to waterprcn^f the 
face to protect it frwn erosion: waterproof sheeting must be covered with a layer 
of fine granular material on top of which is placed riprappine strong and large 
enough to resist the tractive lorce of overflow waters along the downstream face. 
This operation is really only feasible for small overflows (maximum height 
0.5 m). 

It is quite common to divert the overflow laterally into a fast-flowing channel 
along one or both of the sides where the dam is anchored; the water then returns 
to the main channel further downstream fhnn the dam. Aldiough this is a fre- 
quently employed device in loose material structures functioning as storage 
works, diversion weirs or small reservoirs, it is not well suited to check and sedi- 
mrat storage dams because it drives the water against the bank tills, threatening 
their stability. In addition, the sediment load, and bcdloLid in particular, carried 
hy the water, is forced into a sharp hcnd over the lov\er part of the siltation zone, 
resulting in a steep increase in deposition, the possible destruction of the over- 
flow section and consequent overtopping of the crest. 

This type of torrent control structure is best suited to wide gullies. There 
should be a central overftow built of masonry, gabions or concrete, with two long 
wings composed of loose materials. Precautions must be taken to moderate the 
velocity of seepage water in the sections adjoining both structures. 

The development of soil science, togedier with die possibility of uang modem 
earth-moving and compaction equipment requiring 15-20 times less manp)ower 
per cubic metre than concrete, are justification enough for taking earthfill dams 
into consideration. They are built of gravel, sand, silt and clay placed in succes- 
sive compacted layers. Wagner's (simplified) unified soil classilicaiion system as 
well as the corresponding table of usages on page 74 are particularly helpful in 
designmg these suruclures. 
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Figure 31. Huinogeneous earth dam 



Earthfill dams are ot three types: the diapiiragin type, the homogeneous lype 
and the heterogeneous type. 

The first type is not to be lecommended, since the construction both of internal 
earth diaphragms with their accompanying filters and of rigid internal dia- 
phragms must be of particularly high quality and call for a greater degree of con- 
trol than is possible m correction works. They also involve considerable extra 
expense. 

Homogeneous dams are buih of only one material, excluding the facing sur- 
faces. The material should be sufficiently impermeable to ensure adequate water- 
tightness, and the slopes, for reasons of stability, need to be relatively flat (Figure 
31 ). These dams arc the most common type used in torrent control. 

The heterogeneous, or zoned embankment, type has a central imperv ious core 
flanked by /ones of much more pervious materials, which cover, support and 
protect the core. Because this type is economical to build, it tends to be used 
wherever different kinds of soil arc available. For a classification of the materials 
used to construct earthfill dams, see the table on page 75. 

The general conditions these dams need to meet are: 

• The ovcrtlow capacity should be sulTicicnt to ensure that the water never over- 
tops the dam. The design requires a safety gap between the maximum foreseeable 
water level and die dam crest 

• The slopes of the dam walls should be adequate to ensure the stability of the 
mat^als used. 

• The saturation line, or the line dividing the dry from the wet part of the dam 
body, should be angled as low down the downstream face as possible, to intersect 
with the ba.se of the dam. In earthfill torrent control dams, the line can be deter- 
mined by Casagrande's semi-empirical method. It may sometimes be advisable 
to install drainage at the toe of the downstream face so as to prevent the satura- 
tion line from penetrating deeper into the body of the structure. 

• Water passing through and below the dam should do so slowly so as to not 
detach any material. 



Copyrighted matsrial 



74 



0) 
(A 

3 ^ 

«- o 

O o 

II 

o ^ 
E E 
(0 o 

O 



c 

If 



y- CO 



^ <0 CM lO 



A O »- V-M I 

*" ^ ^ r ^ ' 



<M CO tt 



c 



II ^ M I I 



CO 



(D in 



CO o> 2 



w 

3 



E 



I I 



C\l 1- I t 



CO 



CD lO 



CO 



W N 5 I 



e 
o 

o = ""5 

Q> o) 3 

tfl H: 

SJ W 

to -1 (fl 

III 3 - 



"55 
lil 



o 



I lllSl II II I I 



(L (L 



&?1 

CO a> o) 

ill 



JO A 

'at '5) 

0) 0) 



(D 



Q) 



- 1> - 

O) CT 

0) a> <u (v 

Z > Z > 



5 5 
P o 



0) 0) 

a> g> 

S S 

0) a> 

> > 

< < 



2 

> 

< 



O) CT 

XXX 



o c -S ^ 

i5 m (0 3 c 
to a> Q.'S 3 



c 

X O 
LU O 



T3 
O 
O 



o 
o 



c 



T3 
O 

o 



O O lu O 



O O 
O O 

o o 



CO 



(0 

li. 



o 
o 
Q. 



o 
o 
a. 

o 

5= O O 

« o o 
U. Q. Q. 



E 

0) 

w 
>» 
CO 

c 
g 

CO 
o 

(A 

u 



c 



CD 2 ^ 

ill 

il" 



o 



9 g 

5 § 



3 



<D Q. 



4) 

il 

E ,i 



i 1 1 11 



0) 

to 
E 



1 1 SI t £ si 1 1 



§ ^ E i 

OJ 0) o ^ 



0) 
Q. 



m -S 

(U CO 

il 

E E 
a> 



w 

(0 
0) 

E 

o 

Q. 



<D 

(0 -O 
aj CO 

E ^ 
E E 

0) 



0) CO 

is 

Q. OJ 

i CI 

E E 
da Z 



n 

CD 

E 

V 

Ql 



0) 
JQ 
CO 

E 



§00 8^%S 0^2 do S O i ^ 



Copyrighted matBrial 



75 



Design 

Earthfill dams have a trapezoidal profile with sloping faces that ensure that the 
dam is stable whatever the water level in the basin and that the foundations are 
not overloaded. Filtration through the foundations and wings should be con- 
trolled to prevent erosion within the structure. 

The thickness of the crest is determined by the type of material, the minimum 
filtration distance through the fill when the water level in the basin is at its maxi- 
mum and the height and volume of the structure. In any event, the crest should be 
thick enough to take compaction equipment. For large structures, the formula 
used to calculate the thickness of the crest is: 



/(m) = 3.624 {H- 1.5) 
in which H is the effective height in metres. 



Classification of materials for construction of earthfill dams 



Description 


Characteristics 


Group^ 


Coarse-grained 

materials 
(more than 
50% retained 
on a No. 200 
BS sieve) 


Gravel (more than 
50% of the coarse 
fraction consists 
of gravel-sized 
particles) 


Well-graded gravel, sandy gravel, with little 
or no fine material 

Poorly graded gravel, sandy gravel, with 
little or no fine material 
Silty gravel, sandy silty gravel 
Clayey gravel, sandy clayey gravel 


GW 

GP 
Gl^ 
GC 




Sand (more than 
50% of the 
coarse fraction 
consists of sand- 
sized particles) 


Well-graded sand, sand and gravel, with little 
or no fine material 

Poorly graded sand, sand and gravel with 
little or no fine material 
Silty sand 
Clayey sand 


SW 

SP 
SM 
SC 


Fine-grained 
materials 
(less than 
50% retained 
on a No. 200 
BS sieve) 


Silt, clay 
(liquid limit 50%) 


Inorganic silts, fine clayey or silty sand of 
low plasticity 

Inorganic clay, silty clay, sandy clay of 
low plasticity 

Organic silts and silty clays of low plasticity 


ML 

CL 
OL 




Silt and clay 
(liquid limit 50%) 


Inorganic silts of high plasticity 
Inorganic clay of high plasticity 
Organic clay of high plasticity 


MH 
CH 
OH 


Highly organic soils 


Peat and other highly organic soils 


P, 



As per the Unified Soil Classification System 
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In torrent control dams, the minimum thickness is 3 m, using the formula: 

H + h + ht 
t (m) = + 1.5 

in which: • 

H (m) = effective height of dam 

h (m) = height of nappe above the crest 

A| (m) = freeboard remaining above maximum water level ai dam face 
(/i, = 0.76 + 0.34 O'- - 0.26 in which L = maximum length 
of impounded water in km). 

As tor the slope of each ol ihc dam laces, il should be remembered llial v\ hilc 
the upstream face is initially in direct contact with (he stored water, this situation 
gradually changes as the basin silts up; in the long term, the stability require- 
ments for the upstream face need not be so stringent as for the downstream one, 
which b permanently exposed. 

The slope is determined by filtration network characteristics within the struc- 
ture. In the case of homogeneous materials (according to Casagrande). the net- 
work follows a modified parabola: the saturation line is normal to the upstream 
face slope and at a lanocnt to the slope of the dow nstream face. 

Ihc stabihty ol ihc downstream slope is related to the height at which it inter- 
sects the upper line of the filtration network at the face — a height thai should 
not exceed a third of the dam s useful height (iMgurc .^2a). 

Flow conditions can be improved by having a triangular wedge-shaped toe of 
pervious material at the base of the downstream face, one third the height of the 
dam*s useful height (Figure 32b), or a filter of pervious granular material at the 
downstream toe. The filter*s dimensions are defined by the formula 
t (m) = ^(2LQ/K), in which ^ (m) is the thickness of the filter, L (m) the length of 
the filter, Q (mVs) the filtration rate and K (m/s) the coefUcient of permeability 
for the material used (Figure .^2c). In these conditions, the faces of homogeneous 
earthfill dams on stable ground may be given the following slopes, depending on 
the type of soil used. 



SoilusMli 


Upstream slope 


Downstream slope 


GC, GM. SC. SM 


2.5:1 


2 :1 


CL,ML 


3 :1 


2.5:1 


CH.MH 


3.5:1 


2.5:1 



*As per the tJnMed Soil ClamNleation System. 

Note; Soil Types OL and OH should not be used on account of their high oiganic 
Types GW, QP, SW and SP are permeable and therefore unsuitable as well. 
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figure 32. Upper filtration limit in homogeneous dams 



foundations 

The essential lequirement for an eaitfafill dam is that the foundations and the tor- 
rent bed and banks should be cq>able of withstanding the vertical pressures ex- 
erted by the structure. Three types of foundation material are oxistdered here: 
rock, coarse-grained particles and fine-grained particles. 
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Intact bedrtKk is the best foundation. It is so resistant that there is no need to 
set limits to the slope of the fill. Slopes, therefore, will depend solely on the type 
of construction material, with no danger of water filtration below the dam. 

Torrent beds formed of permeable materials — gravel and sand — do not pose 
any particular problems of stability or differential settlement either. Nonetheless, 
filtration below the structure should be controlled whenever possible and good 
contact between the dam and the foundation floor ensured by digging a cutoff (a 
trapezoidal trench filled with the same compacted material from which the dam 
itself is made). 

The cutoff is placed near the middle of the structure, or slightly upstream, and 
parallel to the central line of the dam. The sides normally have a slope of 45°, 
and the formula giving the relation between the width of the bottom of the cutoff 
W to its depth d 'lsW = h - cL where h is the hydraulic head above the ground sur- 
face. In any event, the width at the bottom should not be less than 6 m to accom- 
modate excavation, filling and compaction equipment. 

Imp>ermeable membranes may also be used. Placed in the upstream face, they 
reduce filtration and the risk of erosion, thereby improving dam stability. 

Last, foundations consisting of fine materials, especially silt and clay, pose 
several problems, most of which relate to possible sliding of the structure caused 
by low resistance and settlement of the materials during consolidation. In these 
circumstances, the dam should be built in successive layers, at intervals of at 
least two years, to speed up consolidation of the loose materials. Vegetation 
should always be cleared from the foundation fioor and from horizons containing 
organic matter. The surface should then be compacted prior to applying the first 
layers of earth. 



2.2.7 Heterogeneous dams. Cellular construction with interlinked girders. 
Made with prefabricated metal components. Grille, comb and lattice dams 

Dams of cellular construction with interlinked girders 

These dams may be either straight or curved in plan, with a large radius, and 
stepped upstream and vertical downstream faces. The type of bank is not impor- 
tant because of the monolithic nature of the structure. The dam is built using re- 
inforced concrete or iron girders arranged parallel and perpendicular to the chan- 
nel axis and embedded in masonry or ct)ncrete supports to form cells. These sup- 
ports have a stepped upstream profile, the girders being fixed on lop of the steps. 
The cells are then filled in with gravel or stone. 

A certain amount of care is needed to prevent the erosion of the structure inter- 
nally or at the downstream toe through siphoning. Damage can be prevented by 
using cutoffs and aprons of the kind referred to earlier. To ensure stability, the 
structure needs to be well keyed in to the banks and the remainder covered over 
with impervious material. 
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Design 

Vuckness at base. This is usually expressed as a function of dam height H (m). If 
b (m) is the thickness at the base: 



where b = H is the value normally used to prevent siphoning and to exploit 

the characteristics of cellular construction to the full. 

Notch thickness. In small dams this can be as little as 1 .05 m. corresponding to 
the thickness of half a cell. However, for dams more than 3 in high, the notch is 
usually 2 m thick, especially if there is a likelihood of flood! lows or strong dy- 
namic flow pressures. In the latter case, it may be safer to cover the upstream tace 
with riprapping, either triangular in section or trapezoidal if the dam is a high one. 

Stepping of upstream face. Figure 33 illustrates tibe design of the structure. 
Above 3 m, tiie initial thickness is reduced by 2 m and ribbing inserted at inter- 
vals of no more than 3 m. 

• The notch can be either trapezoidal or rectangular, the same criteria apply as 
those laid down in this chapter on overflows. 

• In small torrents with low discharges, notch revetment is unnecessary. Braces 
are used to secure the girders at the upstream notch face to those at the down* 

stream face. 

• For large flows carrying coarse sediment, the notch should be covered with 
mortar or concrete. Special attention must be paid to the construction of the 
downstream outside edge of the notch, facing it with stone woriv if necessary. 

Stability checks 

The characteristics of cellular construction, with its typically honzonlal .suaiifica- 
lion, act to prevent sliding. 
With regard to overturning, the following factors come into consideration: 

Specific gravity of the cellular structure 1 800 kg/m^ 

Specific gravity of water 1 100 kgfjc? 

Specific gravity of sediment acting on dam 1 800 kg/ro^ 

The hydrostatic pressure of water must also be taken into account (with riprap- 
ping, it will normally be exerted on a 1/1 slope so that cos (p = sin <p = 0.71). 

The dimensioning of dams 3 m, 5 m and 7 m high, the calculation of the coef- 
ficient of safety against overturning, the point of application and eccentricity of 
the rcsultaiit. as well as the niaxiivunii and minimum forces transmitted to the 
foundation plane, are shown schematically in Figure 34. In practice, modifica- 
tions w ill he needed to take account of actual load conditions and the channel 
slope (here assumed to be horizontal). 
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Figure 33. Dam of cellular construction with interlinked girders 
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F^gpre 34. Stability calculaticNi for a dam of cellular construction with interiinked girders 
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As Idi the verification of the stability of girders joined with ordinary cement, 
thc\ have kg resistance if reinforced with iron in the proportion of 105 kg/m-^ 
^^iron = ' kg/cm^, Ogoncrete = kg/m^), with a resistance moment 
M = 55 kg/m. In these conditions, they can support a safety load of 14S kg/m 
along a length of 1.79 m (normal cell) without bending; this is equivalent to 
1.45/(100 X 15) s 0.10 kg/cm^ i.e. the pressure exerted by a 1-m column of wa- 
ter. If the length is reduced to 85 cm (half a cell) using a diaphragm girder, the 
safety load increases to 650 kg/m, or 650/150 « 0.43 kg/cm^ i.e. a 4.3>m head of 
water. 

Diaphragm girders are used 3 m from the crest, since from 4 tn earth pressure 
is virtually constant, this criterion apphcs to dams up to 10 in ui height. The rea- 
soning behind it is that the drain.iLic provided by the cellular structure helps re- 
duce hydrostatic pressure, aiul the nirdors ha\c to support greater stress when 
they are keyed or semi-kcycd in ilian wlicn ilic) aic acung simply as supports. 

Application 

This type of dam is useful in watersheds characterized by cla> formations and 
frequent landslides, w ith bottom and liialweg materials strong enough to be em- 
ployed in fills (Figure 35). 

In these conditions, the dam must be accompanied by a subsidiary dam, wing 
walls and bottom grilles, or an apron between the dam and a subsidiary dam. The 
dam, subsidiary dam and wings are cellular m structure. The grilles and aprons 
are built on a grid pattern using girders; each gap is at least 0.3 and filled with 
stones and mortar or concretc-covaed rocks. A revetment of cut stone is applied, 
if not to the whole overllow section, at least to its outside rim in both dams. As 
for the rest of the dam crest, a layer of concrete over the top of the fill should be 
sufficient 

Frecasi concrete filter dam 

This type of simple rustic dam is particularly effective in reducing the volume of 
bedload discharge. Since it is employed in areas with highly unstable slopes 
composed of kx)se materials, care should be taken to give the structure sufficient 
ela.sticity (Figure 36). 

The diim bod\ has two vertical faces and is made up of rows of precast con- 
crete blocks, laiii one on lop of the other with a gap of 0.20 m between them. 
This gap may m fact vary according to the diameter of tlie materials it is designed 
to retain. During its useful life, the structure acts as a selective filter holding back 
sediment of a certain size upstream; once silting up is complete, it continues to 
drain off surface and seepage water, thereby eliminating the dangers of uplift 

The modules are of uniform height (usually 0.5 m) and are vertically and hori- 
zontally linked by metal rods inserted into the concrete in the form of a star, thus 
giving a degree of flexibility. The lower foundation blocks are longer, so that the 
number of gaps is reduced. A continuous coating of ccMicrete is apphed to both 
the overflow and the crest. 
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Figure 35. Practical application of a dam of cellular construction with interlinked girders 
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The end blocks of the rows keyed into the banks are u edge-shaped lo improve 
the structure's resistance to the lateral pressure exerted b\ bank slopes; by cutting 
into the active mass, the wedges reduce the lurccs bume by the structure as a 
whole. 

Dams built oj prefabricated metal components 

Prefabricalion is certainly cost-effective if carried out on an industrial scale with 
standardized components and modular design for structures that facilitate mass 
production. Given the characteristics of control structures, the easiest thing to do 
is to look at the various prefabricated materials on the market that are designed 
for other uses and sec how they might be employed in dam construction (after 
modification, if necessary); lor example, tliere are commercially available metal 
components for building bin walls used in earth retenticm. 

Descriptum 

The metal components are put in place and bolted together lo form bins or cells, 
which are then filled with loose materials. The result is a structure consisting of 
bins approximately 3 m long (the same as the front and back ledgers) and varying 
depth accofding to the height of the structure and the load to which it is subjected. 

The use of diaphragms of variable length and thickness allows compartments 
of different depdis to be obtained The bigger the structure, the thicker the ledger. 
All the components are of corrugated iron, making them light, easy to handle 
and, since they take up veiy little space, easy to transport and store as well. This 
aspect is a big advantage in torrent control works, which are often located in 
rugged, out-of-the-way areas. Moreover, assembly is quick and does not call for 
skilled labour. 

The bins or cells making up the dam arc positioned directly on top of the pre- 
viously levelled and compacted soil. Material that has been removed can be used 
to fill the bins. In some cases, a 40-cm bed of aggregate may be laid first. 

Once this operation is completed, a row of 7-mm thick bedplates (599 X 406 
nun) is placed at the upstream face of the dam and another at the downstream 
face. A U-shaped pillar is then bolted to each plate; the ledgers and diaphragms 
are then fieatened to it 

The ledgers are reinforced with struts and an <uf hoc plate placed at the end of 
each column. The side walls of each compartment are formed of the superposed 
diaphragms, which are the structural elemenis connecting the two dam faces. For 
static reasons, these transverse walls are full. The upstream face, on the other 
hand, forms a kind ot lattice with spaces between the ledgers. 

One example of a dam prototype made of prefabricated metal components 
consists of open steel Itacor 1 bins, each one measuring 1.5 X 1.0 m, joined by 
HR bolts and with a rectangular notch and a sill ejector at the bottom. The stan- 
dard diaphragm is embedded in the wing walls and the concrete fkxv. It is 10.5 
m long and 2.5 m high from the notch to the surface. The notch is 1 m high with 
an area of 4.5 m^; the silt ejector b 0.5 m high and 1.5 m^ in area. 
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Calculation of coefficient of safety from overturning, depending on dam height 
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In addition to consolidating the torrent bed. the dam should also help reduce 
floodllows. Under reduced flow conditions, the sill ejector has no liniiling effects 
and stops the dam from silting up: at higher \\o\\s. it acts as an escape and pro- 
vides temporal^ storage. A series of dams can be used to create a flood wave dif- 
ference, thus expanding over time the watershed's storage capacity. The modular 
components are obtained from 5>mm thick sheets, which are cold-conugaled and 
pKpand in series. Prior to use they are bolted together with high-resistance 10 K 
screws (UNI standard 3740-65). The advantages are that modular components 
are very light (about 120 kg each); they are quick to assemble because of their 
intercfaiangeability and because of the use of friction joints; furthermore, the 
conq>nonents can be used to build dams that can be adapted to environmental 
conditions by altering the dimensions of the silt ejector and the notch according 
to flow conditions. 

Grille, comb and lattice dam 

In scmie types of control wcHk, grille dams (Figure 37) are often used. The central 
part consists of a wide-meshed grid of iron fxofiles anchored to a firm floor and 
masonry wings. Simplified versions exist using only horizontal or vertical bars 
made of sieel or reinforced concrete. Alternatively, a comb structure, composed 
exclusively of vertical members with their base embedded in concrete (Figure 
3S). nia\ be employed. Another possibility is a lattice Iranicwork of modular ele- 
ments — usually steel, but sometimes reinforced concrete supported directly 
by the toiTcni bed and slopes (Figure 39). Mesh dams, consisting only ol steel 
netting anchored to the banks, fall into the same category. 

Despite their similarities, these structures all have distinct functions. Grille and 
comb dams, for instance, act as check dams; the base helps fix the bed, while the 
grille or comb retains the coarse sediment and any floating material (logs, 
branches, roots, etc.). Lattice dams, on the other hand, have no other purpose 
than to keep back floating material. 

Grille and comb dams generally function as gra\ it\ dams. In the hypothetical 
event of sediment filling the dam up to the overflow sill, the overturning moment 
is produced by hydrostatic pressure and the stabilizing moments by the respec- 
tive weights of the foundation floor and the water above the sill. 

Calculating the reticular structure ot lattice dams is fairly simple as each ele- 
mcnl 111 ihc nicsh behaves like a beam embedded in the subtoiiiulaliou and is sub- 
ject to hydrostatic pressure (which is exerted along a line equal in length to the 
distance separating the midpomts of adjoining spaces). However, detailed analy- 
sis of all the elements in the lattice is much more complicated if the structure is 
treated as hyperstatic. In practice, the main elements which behave isostatically 
are identified, and the hydrostatic pressure spread between tfaeoL The reouiining 
elements are no more tium links, although tfiey do take some of the pressure off 
the main elements. The connecting parts are just there as support (embedded or 
semi-embedded). 
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Figure 37. Grille dam 
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Figure 38. Comb or vertical grille dam 
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Figure 39. Latiicc dam 
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23 Foundations, building materials and methods 
Foundations 

This aspect should be studied closely to ensure it is safe to huild a structure at a 
particular site. Sometimes, simple inspection ot" the site may be enough lo deter- 
mine what type ol" structure is most appropriate. 

Rock fouiuUuums. Because ol its load-bearing capacity and resistance to ero- 
sion and seepage, rock poses very few constraints on the type of dam (gravity, 
earthfill, etc.) that can be built on it 

Gravel foundatUms. WeU-compacted gravel is a suitable foundatioa for eaith- 
fill, rockfill and gravity dams. However, adequate control measures are needed 
against seepage. 

Sand and silt foundations. These are suitable for gravity and eadhfiU dams, 
but not for rockfill dams. Possible problems include subsidence, heavy seepage 

losses and toe erosion. 

Clay foimdatums. These can support earth 11 II dams, providing the\ aic properly 
consolidated and do not have too high a moisture content. They lu-e unsuited to rock- 
fill or gravity dams unless special care is taken in their design. Tests should always 
be can icil on ihcir cinisolidalion chmacteristics and load-bearing capacity. 

Non-iuiijorm joundaiions. Willi this type of foundation (e.g. rock and earth), 
each case has to be looked at separately. Masonry dams, which are at most risk 
from bieak-up caused by differentia] settlement of the foundation, can be divided 
iq» into separate blocks linked by plane jomts to aUow mdependent settlement 

In short, all the characteristics of the site and its materials have to be consid- 
eied. If necessary, soimduigs and inspection samples shoidd be taken as well. 

The design parameters for dams with earth foundations can be doived fsom 
the Unified Soil Classification System. The system distinguishes between coarse 
and fine particles, those with a diameter exceeding 7.62 cm being excluded alto- 
gether. Coarse grams have a diameter larger than 0.074 mm (200 sieve) and are 
subdivided as follows: 

Gravel: particles retained by a No. 4 sieve (4.75 mm) 

coarse gravel: between 1.90 cm and 7.62 cm; 
fine gravel: < 1 .90 cm. 

Sand: particles passing through a No. 4 sieve (4.75 mm) 

coarse sand: passing through a No. 4. but not a No. 10 sieve; 
medium sand: passing through a No. 10. bul not a No. 40 sieve; 
fine sand: passing through a No. 40, but not a No. 200 sieve. 

Fme grains passmg through a No. 200 sieve are of two types — silt and clay — 
and are less tiian 0.002 mm m diameter. 

It would be wrong, however, to suppose that particle size is the only relevant 
factor in determining the technical characteristics of these materials. The table on 
page 91 assigns values to the parameters defining USCS soil types. 
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Materials 

Building materials available at or near the dam site are: (a) rock for riprapping, 
revetment and masonry; (b) aggregate for concrete (sand, gravel and crushed 
stone); (c) earth for embankments. 

(a) Riprapping consists of rcx'k fragments and forms part of earth and rockfill 
dam structures. Revetments are made of large, non-erodible blocks of stone to 
hold slopes or infrastructure in place and prevent scouring. 

The search for a suitable quarry extends radially outwards from the dam site 
until a rock deposit whose quality and volume are sufficient to meet requirements 
is located. Full use should be made of any available data such as geological and 
topographical maps, aerial photographs and so on. Local people are a useful 
source of information too. The most obvious place to begin exploration of the 
rock source is where durable rtx:k crops out. Vertical faces cut back to unweath- 
ered material should be thoroughly examined for fracture patterns, bedding and 
cleavage planes and zones of unsuitable material. The joints and the cleavage and 
bedding plane systems are especially important as they indicate the sizes likely to 
be produced. 

The suitability and quality of a rock is a.ssessed on the basis of physical tests, 
petrographic analysis and previous experience of its use. Since the rock has to 
produce fragments of the right size, qualitative trials should be complemented by 
data derived from direct examination and by the results of borings carried out in 
the quarry itself. One may come across piedmonts containing undisintegrated 
rocks of sufficient size and quantity for quant ing to be unnecessary. 

The most important rock properties from an engineering standpoint are: 



Type 
of rock 


Specific 
gravity 
(t/m3) 


Porosity 
(% space) 


Compressive 
strength 
(kg/cm2) 


Hardness^ 
(Sievers 
penetration 
value) 


Durability^ 
(Sievers 
abrasion 

coefficient) 


Basalt and 
igneous 


>2.9 


0.02-1 


1 800-2 600 


8.5 


8 


Granite 


2.6-2.8 


0.05-2.8 


750-2 500 


3.5 


8 


Quartzite 


2.6-2.8 


OS 


1 000-3 600 






Schist 


2.0-2.6 


0.4-20 


200-1 200 


180-250 


SO 


Limestone 


2.2-2.7 


0.8-25 


170-1 600 


35-125 


25 


Sandstone 


2.2-2.7 


2.2-35 


500-1 800 


6-440 


12 


Marl 


2.3 


16-52 


35-180 







Source: J. Talobre. La mecanica de las rocas. 

^ Value declines with increasing hardness. 

^ Value declines with increasing abrasive strength. 
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(b) Aggregate should be of the right quality to produce strong and durable ce- 
ment Sand and gravel from natural deposits or crushed rocks may be used. For 
classification purposes, particles that pass through a 5-mm sieve are called sands, 
and those retained by it are called gravel. The proportion of fine materials by 
weight should not exceed the following levels: 

Sand Gravel 

Lumps of clay 1.00 0.2S 

Fine materials that pass through a 0.08-mm sieve S.OO 5.00 

Maximum gravel size is 8-mm. 

Good aggregate is strong and capable of withstaiuling ilie elements without 
disintegrating. Soft or highly porous rocks are not suitable (e.g. clay schists, 
crumbly sandstones, some micaceous rocks, clays and very coarse ciysials). The 
rock's specific weight is a quick and effective indication of the aggregate's qual- 
ity: a low figure unplies a soft and porous material. 

The gravel/sand ratio for concrete is 2. The amount needed to obtain 1 of 
concrete varies according to the characteristic strength of the structure, the type 
of aggregate (rounded or crushed) and its maximum size. The values in the table 
below are for the types of concrete normally employed in torrent control works. 
The table also gives the quantities of water and cement to use in the mixture. 



Specifications of concrstss using roundsd aggregats 



Charac- Maximum size of 4(Kmm aggragat* IMaximum sizs of 20-mm aggragala 

teristic — — ■ 

strength Csment Water Sand Gravel Cement Water Sand Gravel 

(Mofcm^ (kg). 
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1310 
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Speclflcattons of concretes using crushed sggregate 



dierao- Itaadmuiii •In of 40-min aggregate Muiinuni elM of 204nin aggregale 

terlstic 

strength Cement Water Sand Gravel Cement Water Sand Gravel 

WBwr) (kg). 



60 


160 


180 


90 


190 


180 


120 


220 


180 


150 


245 


180 



700 


1400 


175 


605 


1390 


210 


685 


1 370 


240 


675 


1350 


270 



200 


680 


1 360 


200 


670 


1340 


200 


660 


1 320 


200 


660 


1 300 



(c) Soil for embankments, as for earth dams, is always taken from borrow pits, 
although soil excavated from the foundations can also be used. To allow for pos- 
sible design changes, calculation errors and the like, large safely coefficients 
should be built into estniiales o\ the v(ilumes available in borrow areas. If these 
areas are well known, the specilicaiions usually only insist on one-and-a-half 
times the necessary quantity; larger coefficients are employed when the available 
infonnation suggests that deposits are not unifonn; if less than 10 000 of a 
material are required, coefficients as high as 10 may be applied. 

BidkUng metfufds. Design calculations are based on a series of hypodieses as 
to the quality dutt will be achieved during constiuction. Although the require- 
mcnts for the various sections and structural coaqKments have been covered ear- 
lier, they arc listed schematically on page 94. 



14Weln 

A wek is a structure built across the streambed to check the water and nuse its 
level for divosion purposes: it is designed to allow overto|qnng. The main aim is 

to raise the water-level, but it can also play a storage role. 

Weirs may be straight, curved or broken in plan. The alignment oi" straight 
weirs may be normal or oblique to the tlow. The former is the norm providmg the 
overllow is sufficiently long to discharge lloDdwaters (\\iihi)ut unduly raising the 
backwater level), and streambed sediment deposition is not so heavy that siltation 
prevents water from entering the lateral inlet. 

The problem can be avoided by designing a weir oblique to the flow, thus fa- 
dUtating water entry into the mlet channel. The disadvantage of this placement is 
that the overflow nappe is normal to the axis of the weir but oblique to the chan- 
nel axis, necessitating bank protection measures. Curved weirs are larger struc- 
tures, but they channel flow towards the inlet without directing overflow waters 
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against the banks. In addition, the arch clTcct helps close any cracks, thus averting 
leaks. Broken weirs share some of these advantages and can be useful in exploit- 
ing the slrcanibed's foundation possibilities to the full — for example, 
where a bank of rock lying oblique to the channel only outcrops in part of the bed. 

Since weiis are low structuies noimally located in channels in which the flow 
is strong and steady enough to justify diversion, the ratio between the height of 
the flow nappe and that of the actual structure is usually a high one. It is therefore 
better for the dam body section to have a hydrodynamic profile, which holds the 
oveiflow against the stmcture, rather than a trapezoidal or triangular section, 
which results in a free-falling nappe (inadequate aeration in the lower part of the 
nappe may destabilize the structure). 

With sediment-bearing waters, deposition takes place in the manner already 
described, and the weir functions as a storage dam. if the waters arc sediment- 
free and there is a gentle flow regime, a backwater cur\e w ill form upstream: this 
curve will defme the longitudinal profile of the water level until the backwater 
effect is no longer noticeable. Moreover, in the area affected by the backwater, 
the relationship between the adjacent land and the water-level will change, be- 
cause land will be flooded that was not flooded before. A rise in die water table 
will occur as well. 

The height of the weir 

The Poire and Funk parabola, a*^ = 4a/fi (Figure 40), is used \o obtain the height 
H of the weir providing the following parameters are known, the depth, the dis- 
charge, the channel slope and the length of the backwater (dctlned by measuring 
the distance between the upstream boundary of the concession and the site of the 
weir). 

Calculation of the structure 

As far as calculation hypothesis, most economic profile, and calculation schemes 
are concerned, the technique is the same as that already described for concrete 
gravity, masonry and gabion dams, the only exceptions being the use of 7 s 1 
(t/m^), the omission of weep-holes and, for the first two dam types, the inclusion 
of uplift A practical method of cateulation (Figure 41) is to take moments of the 
stresses P, Wand U to obtam 



Suppose the height of the nappe to be A. Let M be the point at which the verti- 
cal face intersects the water surface, and draw a line MK so that T^KT » 6. If the 
weight of MNQ allows it to withstand pressure MNS (P, s 1/2 - y * ^* and that of 
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MTK lo withsiand pressure MRT (/% = 1/2 • y • H-), ihcn clearly NQTK, the dif- 
ference between the two, will be able lo withstand pressure SNTR [P = 
Y/2 {ffi - /^)). Thus the weir*s cross-section would be NQTK. 

Weirs on permeable ground 

Because ot the role (^t weirs in water exploitation, controlling seepage beneath 
those constructed on permeable soil is pariicularls important. The same precau- 
tions should be taken as lor dams lo prevent seepage velocity through foundation 
materials from exceeding the scouring velocity of solid soil particles, thereby 
causing piping. Furthermore, weirs should also be strengthened with piling that 
extends from the upstream face as far as the end of the apron or stilling basin; 
this precaution will reduce seepage-induced water losses, which can have a con- 
siderable effect on the volume of water diverted, especially at low water. 



Y 



Tangeni of the 
parabola to the original 
surface level 



Urolt 

concessKMi 




h, (m) = depth prior to weir construclion 

h (m) = heigh! of n,ii)[j<; abuvi- ovefllow 

sill Oncf 'prt 

length ar.i . Jischarge are 
known, then for any overflow 
equation: 

h = {Qi\ 86 f 

It the length ot the badiwater (0) and h, 
am known, the height of llw weir H (m) 
can be oi)taine<t: 

M 



Figure 40. Li i^iludiiial clianaci piDtile (Foirc and 1 Jtik parabola) 
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2^ Settling basins 

Both biological and stabilization works help control sedimcni in erosion-prone 
torrents. In mixed torrents with shell-shaped erosion scarps and in glacial tor- 
rents, however, sediment discharge into the main reach continues after the dams 
have silted up. This discharge may need to be countered by die use of settling ba- 
sins, constructed in accordance with the area's topography. 

Figure 42 gives a schematic representation of a typical settling basin. A 
masonry-lined channel is built just downstream of a check dam to guide water 
and sediment to a hexagonal basin with earth or stone boundary walls. As far as 
possible, the main diagonal of the hexagon should lollow the channel axis. About 
a third of the way along this diagonal a rocklill or masonry revetment dam is 
constnictcd perpendicular to the axis to force the water to spread out and discou- 
rage fan-shaped sediment deposition: a second, identical structure is huill the 
same distance turiher along. Both dams should be lower than the boundary walls. 
Finally, before reaching the masonry-lined outlet channel, the water has to pass 
through three comb grilles made of strong posts driven into the ground to retain 
undeposited materials. Once filled, settling basins can be reforested or put to 
some other use. 

It should be remembered that although sediment is never completely absent 
from glacial torrents or torrents with shell-shaped erosion scarps, it is neverthe- 
less very much reduced; because of the milder bed slope, damage to the bed will 
be partially or totally averted. Consequently, settling basins are only a solution in 
specific cases, e.g. when a torrent runs into a watertall. 



2.6 Training walls and lined channels 

In the overall context of torrent control, where the aim is to eliminate sediment 
discharge and its consequences, these structures play a passive, defensive role 

(for example, by preventing local sediment detachment, reinforcing unstable 
banks or slope bottoms and centring the flow). 

They are usually employed as U>cal solutions to specific problems of torrential 
origin and are not suilafile for use as the main form of control in a torrential 
channel. As regards their LicMgn and lunctions. ihc\ closely resemble the struc- 
tures used in rivers. Their use in toiicnlial channels di>cs not substaniially alTecl 
their characteristics, except where flows are particularly strong, downculling has 
occurred or there is heavy sediment discharge. 

In view of the seriousness of erosion and downcuttuig, special care needs to be 
taken in designing these structures and dieir foundations and in assessing the ef- 
fectiveness of protective works. Various methods are available: 

• Small transverse structures (such as grilled weirs or bottom sills) placed at bi»d 
level or slightly above it to stabilize the channel bed in a particular reach. 
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Figure 41. Quick mcthcHl fur calculating weir stability 
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Figure 42. Diagram of a settling basin 
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• Non-ercxlible aprons extending outwards from the dam face to cover the adjacent 
bed area. Ideally, the aprons should be flexible — a layer of large, coarse rocks or 
gabions, for example, which slope down the bed and protect the foundations. 

• Discontinuous protective works such as groynes, pile dikes, piling, etc. 

One of the most important hydrological techniques in torrent control is used to 
stop water from spreading beyond the debris cone. This tyf)e of measure is nor- 
mally required after control works in the watershed, torrent gorge and headwater 
have been completed, and is necessitated by the overall drop in the quantity of 
sediment discharge produced. This change affects the pattern of deposition in the 
torrent area and gives rise to new erosive phenomena in response to the tractive 
force of the clear, and now non-saturated, waters. In many cases, indeed, it may 
be advisable to act rather earlier — particularly when the sediment deposition 
zone contains people, crops, installations and infrastructural works — because 
the water's instability may give rise to periodic damage caused by sedimentation 
processes that encourage channel shifting and anastomosis. 

The purpose of channelling water in torrent sedimentation zones, debris cones 
or alluvial fans is to counter unstable flows by restricting the water with training 
walls and paving the bed with a non-erodible floor. Concentrating the flow also 
reverses the zone's natural torreniiality by strengthening the tractive force of the 
waters and keeping them channelled. 

Training works normally take the form of a stepped channel punctuated by 
small grilled weirs; the weirs are also stepped to help give the bed an equilibrium 
profile, rendering the reach erosion-proof. The main characteristics are illustrated 
in Figure 43. The type of reach in which these works are normally employed runs 
from the toe of the dam, where it closes the torrent gorge, to either its confluence 
with the main channel or to the foot of the debris cone at the point in which the 
cone ends in a channel that empties into the alluvial plain. 

The height H of the weirs and their number N are related to the length L of the 
reach to be channelled, to the values for the debris cone slopes (tan a) and equi- 
librium profile (tan P) corresponding to the generating fiow, and to the width b of 
the training works, as per the following equations: 

H = ^(tana - tan p) e=L/N 
tan 

When establishing these parameters, attention should be focussed on the most 
economic solution — normally in the 1-4 m height range. 

Both the equilibrium profile, the depths (of h and z) and the dimensions for 
obtaining stable grilled weirs are calculated according to the method described 
earlier for check dams. 

The design tested by Lombardi and Marquenet (1950) may be adopted for the 
apron at the base of the weir. The design involves giving the apron a slight (5-8 
percent) counterslope and a length ^, = 1.521 c"*^ H^-^ + 0.3c in which z = h + 
VgVlg, the hydraulic head of the design flow above the overflow. 
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To calculate the depth in a grilled reach, any of the equations tor uniibrni 
How in open channels may be used: lor example, applying the Manning formula 
in this case gives (assuming a roughness coctlicienl oi n = 0.04) 



bh2 



\2/3 



b + 2/i2 



(tanp) 



in 



J 



in which Q (m^/s) is the maximum volumetric rate of flow computed for the pro- 
tected chamiel. 



Crest of training wall 




' — Bottom ol chanrtel consisting of natural erodit)te 
malaiW and ha^ an aquMMkim praflto 



Figure 43. Diagram of a stepped reach in a debris cone 



For safety reasons, the height /; of the lateral walls should exceed /ij ^ least 
0.30 m, depending on the discharge. 

The weir profile should be trapezoidal (as in the figure) or hydrodynamic. The 
latter type is usually employed when the hlH ratio is greater than 0.5. since with 
trapezoidal profiles lliere is a risk of inadequate aeration in the lower part of the 
free-falling nappe. Since the water's mass is relatively large compared to the iner- 
tia of the weur, its inqiact on the face of the structure potentially threatens its 
stability. Even where the hlH ratio is low and a trapezoidal profile is adopted as 
the most economic solution, steps should be taken to focilitate aeration of the 
nappe. The width of the overflow should be slightly narrower than that of the 
channel, achieved by having two auxiliary wings that extend a minimum of 0.50 

m from the lateral walls. 

In some torrential debris cone channels where the streams are not big enough 
or wide enough for channelization, a better alternative may be to have a rapid 
channel w ith a continuous non-erodiblc apron. The luimg should consist of crude 
stone bound together with concrete or cement mortar, the latter being more suit- 
able for hard stone as it has a lower coefficient of abrasion than ordinary ccmciete 
(concrete is vulnerable to sediment erosion). In this type of channel, where the 
discharge regime is usually hypothetical because of the steep slope requued, rec- 
tangular flow sections are advisable, since sharp bends and abrupt changes in 
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Figure 44. Rock revetment 

section and slope in the channelled reach can result in venical turbulence or sedi- 
ment deposition that can modify the discharge regime. 

Bank revetment is another kind of longitudinal protection work in common 
use in torrential channels. It is usually employed in areas of high sediment trans- 
p>ort and localized lateral erosion. Rigid concrete or masonry structures, similar to 
those used in rivers, can also be used for torrent control, provided that they are 
capable of withstanding the severe stresses involved and that measures (such as 
those referred to above) are taken to protect the foundations from undercutting. 

Flexible structures, rock-filled gabions, stone revetments, fascine mattresses, 
etc., are also suitable, providing the sediment load does not consist of anything 
larger than gravel. The impact of boulders and large rocks, however, can be so 
great that a revetment consisting of massive stonework — carefully placed or 
simply dumped — will be necessary. The type of revetment best suited to pre- 
venting downcutting of torrential origin is illustrated in Figure 44. 

Another important factor in view of the high tractive force of torrential waters 
is the determination of the diameter of materials to be used in protective works. It 
can be calculated on the basis that 



X/. = (to)'' 
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in which Xj is the tractive force acting on the banks. This lorcc \arics according 
to the height of the nappe supported, although an approximate estimate may be 
obiaineU as iollows: 

for h^^H tt « K^yHi 

1 

for h^tH - - KlI hi 

^ 2 

where 

h (m) = height of water above point where material is placed 
H(iii) s maximum height of water in the section 
Y(t/m-')s specificgnivity of water 
i s bed slope 

Kj^ s Lane's distribution coefficient, a function of the shape of the channel 
and the ratio bIH, where ^ is the mean width of channel with design 
discharge (obtain b fh>m the table below) 



tM 

Typt of channel 

0 12 3 4 



Rectangular 


0.00 


0.50 


0.70 


0.72 


0.73 


Trapezoidal with 1/1 sides 


0.56 


0.70 


0.73 


0.74 


0.75 


TiapezoMal with 2/1 sides* 


0.63 


0.73 


0.76 


0.77 


0.78 



'HorizontaVrarticalmtia 



The critical tractive force on bank ma^ials is given by the tbrmula 



where (Xy (i/ni ) = ^ (7. - 7) d, the critical tractive force on bed materials, 
similar to that used in the earlier calculations for transverse structures 
6 s angle of bank slope above the horizontal 
<Ps angle of internal friction of revetment material. 
This formula allows us to determine the diameter d (m) characterizing the 



tan^ e 

cos^\\\ — 

! tan 9. 
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material to be used in the revetment. One factor to remember here is that loose 
dumping of coarse, highly resistant materials leaves up to SO-percent gups (need- 
ing to be filled in with finer materials); even in paving the proportion can be as 
high as 30 percent. 

Rock size should be as unifcHTn as possible and should confcnm to the follow- 
ing requirements: 

^ ^ 2 ^ ^ 2 

A gravel filter at least 0.20 m deep should be laid between the natural slope 
and the protective revetment, with die following approximate specifications (in 
relation to the average size of slope materials): 



^Ao (filter) 

_ — < 40 



dm (slope) 



dis (Hiler) 

5 < < 40 (permeability condition) 

di5 (base) 



dis (filter) 

< 5 (stability conditio) 

<45 (base) 



2.7 Energy disslpatioii 

Effect of water at the dam toe 

The nappe in Figure 45 has velocity which is \er\ much higher than V^. Ve- 
locity is a function of discharge velocity at the ovcrllou anti the height H. 
According to Veronese, the extent of scouring can be culculaicd as loUows: 



1.9 0225. 

where 

A^(m) s maximum depth of scouring 

Hf{m) s headbetweenthelevelsof water in the basin and the level of the 
dischaige 

qimVs) = Q/b 
in which 

^(mVs) = discharge 

b (m) =s width of overflow. 
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Schocklitsch formula: 



0.: ().S7 

A, + /i2 = 4.75 . >' = /lo + z 



A 0.32 
«90 



There are two possible solutions: energy dissipators and aproos. 



2.7.1 £nergy dissipators 

The phenomenon considered here is the hydraulic jump, which occurs when wa- 
ter vdocity suddenly passes fiomfapid to slow and its eneiigy is absoibed asa te- 
salt of tbe impact llie relationship between the two depths /i, (rapid flow) and 
(slow flow) can be expressed by: 




(B61anger formula) 



where 

/fj fm) = depth of water at toe of check dam 

h-, (m) = depth derived from /», 

q (m^/sec) = rate of discharge per unit width. 

Meniman's simplified expression may be used: 

h2 = 0.45 -pr 

The error foctor is only around 3 percent when hjhy - 10 but as much as 20 per- 
cent when /t2//i, - 2. 

Eneigy dissipators are of two types: wato' cushions or stilling banns enclosed 
by a subsidiary weir. 

Bureau of Reclamation guidelines, based on the Froude number: 




Fj < 1.7 Energy dissipator unnecessary; an apron of length 4/I2 provides 

sufficient protection. 
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Figure 45. Effects of water at toe of check dam 



Energy dissipator may be used, but not absolutely necessary. 

A difficult "in between" area. Neither stilling basins nor aprons 
are really suitable since the hydraulic jump is not stable, and 
waves can extend past the basin. However, the dimensions of 
the overflow can be modified to prevent the discharge regime 
coming into this range. 

F, > 4.5 Ideal conditions for energy dissipators. 

The assumption of clear water in the calculations provides a safety margin, since 
suspended sediment and bedload reduce the erosive force of the stream. 

Calculation of submerged stilling basins 

Hydrodynamic overflow (Figure 46) 

• Design flow: the same value for Q is used for torrential streams and for defin- 
ing the overflow. 



1 .7 < < 2.5 
2.5< F, < 4.5 
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F^OR 46» Hydradynamic profile of sobmased stilliiig basin 



• Calculation of hy since Q is fixed and /I3 is the depth in the free reach, all that 
is needed is lo make a topographic survey of the section and calculate A3 by ap- 
plying one or other of the conventioiial fonnulae for uniform flow in open chan- 
nels (Bazin. Manning, etc.). 

• Calculation of h^: applying the law of the conservation of energy gives 



hi- 



28 



2g- <p 



= 0 



<p being the energy loss between the overflow sill and the dam toe. In masonry 
dams, <p2 = 0.85 
• Calculation of hji 



2q 



kt = — + \/ — + — 
* ghi 



(B^langer formula or Merriinan*s 
approximate formula) 



/12 = 0.45 



(especially where — =10) 
hi 
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Figure 47. Stilling basin and auxiliaiy weir at toe of fiee overflow dam 



4 




F^lii« 48. Stilling basin with auxiliaiy weir at toe <^ hydrodynamic overflow dam 



• Depth of basin: p= 1 . 1 5 / - /J3 

• Height of lateral walls: = /ij + 0. 1 (/i, - /j,) 

• Length of basin bottom: L, = 5 (/?2 - /i j) (Li'ndquist formula) 

• Calculation ofL^.'2p^L2<Ap 

• Calculation of L3 : 2.5/ij < L3 ^ 3.5/rj 

Calculation of stilling basins at toe of free overflow dams (see Figure 47) 

• Calculation of hy as belore, except (p- - 0.65 

r 

• Calculation ol : = y 2H /jo + ^'o" 
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Figure 49. Submerged stilling basin with free overflow 



The other design calculatioiis are as for hydrodynamic overflows. 

SHlUng basin and auxiliary weir at toe of hydrodynamic overflow dams 

For A,, L| and h^, use the lonnulac already described (Figure 48). For com- 
puting /13 use the height that corresponds to the discharge Q over the overflow. 
Having defined = /ij - /13 (in this case* ^ Iiq is clearly acceptable), 
is calculated as before, but with a free overflow (Figure 49). 

Piping: aprons 

Piping is the name given to the type of erosion that occurs in permeable founda- 
tions when seepage velocity below the structure exceeds the critical scouring ve- 
locity of the finest bed materials. The detachment of these smaU particles leaves 
a pipe-like space in the earth that can cause the dam to burst; however, such dam- 
age requires prolonged action by seepage waters exposed to continuous hydraulic 
pressure. Consequently, dams with permeable foundations are only aflected: (1) 
if ihey have already silted up; (2) if the absence of weep-holes gives rise to pro- 
longed liquid storage; (3) if there is sustained surface flow movement in the silt; 
or (4) it nu)\einent beneath the streaiubed keeps the piezometer level close to 
that of the siltbed. 

I hc danger ina\ be averted by forcing seepage water to travel a greater dis- 
tance through llie eaiili by constructing aprons downstream. They can also pro- 
tect the dam toe, providing there are cutoffs in the upstream foundations and at 
the bottom of the apron. Drains consisting of permeable pipes surrounded by a 
well-graduated filter can also be laid below the base of the dam foundatiras. 
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Piping: safety margins 

Accoiding to the method proposed by EW. Lane (1935), the following parame- 
ters should enter into the calculation: 

• Length of horizontal paths L„ : the sum of all distances with a slope of less 
than 43^ traced by seepage waters along the dam's line of contact with the foun- 
dation floor. 

• Length of vertical paths : the sum of the distances for slopes greater than 



• Hydraulic head above the structure H: measured in this case by the difference 
in height between the overflow sill and the upper edge of the end of the apron. 
The head should be multiplied by 0.7 to allow for the drainage effect of weep- 
holes. 

• Compensated length of path L^:LgsL^ + Lgf/d 

• Compensated head ratio /^^ = L^fO.l H 

• Compensated failure ratio : an empirical dimensionless parameter that de- 
pends on the characteristics of the foundation floor. However, the maximum val- 
ues given by Lane for this parameter are too high for design purposes. Suitable 
average values are provided by MoUet and Pacquant: 



• Calculation of the piping safety margin requires the satisfoctioo of the follow- 
ing condition: i?^ / Z^. ^ 1. 



1,12 Aprons 

Aprons protect the slreainbcd troiii erosion by overnow waters. Water is prevent- 
ed from coming into contact with movable bed materials while its velocity is 
higher (because of the acceleration caused by the step effect of the dam stnicture) 
than it is in the fipee reach downstream. The transition flow section between the 
dam toe and the free channel is covered with an apron of erosion-proof materials 
— either by using blocks large enough to resist scouring in the reach caused by 
water velocity or by building a non-erodible structure made of masonry or con- 
crete. 

There are two types of apron: horizontal or sloping (i.e. following the 
downstream channel slope, sec Figure 50). The calculations are based on the 
equations for variable flow in open channels. 



45*». 



Fine sands 
Medium sands 
Coarse sands 
Gravel and stones 
Clays 
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Ij = 0.5 m 




Sloping apron 



Figure 50. Horizontal and sloping aprons 



• Horizontal aprons: the length of the structure is given by: 
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where: 

L, (m) = length of apron (in the case of a vertical drop structure, length is 

reckoned from the point at which the nappe hits the toe of the dam) 
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C (m'^~/s) = Che/y's coctlicicm lot .ipioii iiuiicnals. For fairly rough aprons, 

C- 20: for smooth ccHicrcie, C = 50 
q (111 /s) = design t1o\v per iinil width 

(,ni/=») = dischiirge velocity at toe of dain 
VjCm/s) = velocity of unifonn flow in the free downstream reach. 
Horizontal aprons should only be used where the bed slope is \ ery gentle. 

• Sloping aprons: for aprons that follow the gradient of the channel (best where 
the ground is steeper), the mathematical relation derived from the variable flow 
equations is rather complex, so a simpto but nonetheless fairly accurate one has 

been obtained, based on these equations, by regression. It covers the usual check 
dam parameters, with \ allies for Manning's roughness coefficient of 0.05 for the 
apron and 0.04 for the bed. 

L, = 9 • //'^ • 

where: 

Lj (m) = length of apron (the same observation applies as for horizontal aprons 

above ) 
H (m) = height of dam 
Aq (m) = depth of design flow at the overflow 

q> = coefflcient relating to the slope of the apron, as per the following table. 



Slope (%) 5 6 7 8 9 10 11 


12 13 


14 


15 


if 4.61 4.16 3.80 3.51 3.27 3.07 2.89 


2.72 2.56 


2.41 


2.27 


These structures have to be cxlrcmciy secure before 


their length 


can 


be re- 


duced. Masonry. cotisistiuL' of coarse material from the 


channel itsel 


1 or 1 


IrtMn a 



quarry, bound with concrete or cement mortal, is far more resistant than mass 
concrete alone. 

In normal cucumstances, the thickness of the apron will vary between 0.50 m 
and 1.00 m, depending on the height of the dam and the volume of the discharge. 
A cutoff made of the same material and penetratmg at least 0.50 m into the 
ground is usually placed below the end of the sqiron; it should be twice as wide as 

it is deep. 

The w ater's transition from apron to channel can be made smoother by adding 
coarse material without an\ binder to the end of the apron over a distance four 
times the depth of the desiiin discharge in uniform flow conditions. Should 
downcutting occur, this ramp will prevent gradient shift. 
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Unless made of rock, banks along the apron will normally need to be protected 
with lateral walls. These walls should be of the same material as the dam, rectan- 
gular in section, and 1.2 times as high as the discharge in the downstream free 
channel. 



2Ji Natural veg^tkm in torrent bank management 

AltlKHigli ccMiect use of the jetties, groynes and other wofks 
provides effective torrent bank protection, the constiuction and maintenance costs 
of many such stnictures are high. However, if tli^ are not properly looked afto*, 
they will gradually deteriorate or possibly give way altogether. Furthermore, to be 
fully effective they need to be adapted to their particular environment; olherw ise. 
they will not only prevent the bank vegetation on whkh wildlife depends from es- 
tablishing itself (biotopes containing only a few species tend to be less stable), but 
will be eyesores as well. On the other hand, the complete or partial substitution of 
normal buildmg materials by vegelaiion has certani advantages. Although plants 
provide little initial protection, their effectiveness increases as they grow and de- 
velop. Provided they do not obstruct the flow, they can be useful as streambonk 
protection^ enhancing the site and improving the quality of the water. 

2^.1 Ecok>gicaI factors 

Streams differ in size and ecology. Studies should cover both longitudinal and 
cross-sections as well as ecological factors. 

Loni^iliaiinul section. A channel's longitutiina! section consists of three parts: 
an upper one (Crenon). characteri/ed by steep slopes in nanow \ alle\ s and grav- 
el and shingle deposits; a central one (Rithron), vsith gentler slopes, broader 
banks and finer soils; and a lowland one (Potamon), with much llailcr, smoothly 
sloping banks and fine deposits. 

This sediment and ecology-based classification is applicable primarily to large 
rivers running from mountains through tablelands to the sea. For lesser flows 
emptying into rivers, the lower part may bear a closer resemblance to the central 
(Ritluon) or upper (Cienon) parts. Similarly, a stream that rises in flat terrain 
may have Potamon characteristics throughout. 

Cross- section. The streambank consists of the area between the low v/ater and 
five-year flood levels. The channel boundary follows the bed on both sides up to 
the five-year Hood mark. 

The term, bank vegetation, covers everything growing in this area. 

Ecological factors. Bank vegelaiion is al lccied not only by soil. tt)pographic 
and biotic factors, but by hydraulic ones as well: discharge, depth and velocity 
arc crucial elements in deteimining the type of vegetation that can be used to rec- 
tify a torrential channel axis. However, since these hydraulic aspects are dealt 
with in Chapters 1 and 3, we will not go into them here. 
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Moreover, although dischartzc. depth and velocity all affect the location of 
vegetation and the zoning of plant associations, other properties such as trophic 
balance, transparency, turbidity and temperature, combined with soil and climatic 
factors, also play a role in detenniiiiiig which species succeed in competing with 
other plants and establishing themselves. 

2A2 Zoning of vegeCatioo 

There are four zones of vegetation: aquatic, cane-bralse, riparian and brush. 
Aquatic zone 

Plant (issociation.s. The acjuatic /one is populated by water crowfoot, with pond- 
vseed and water-lilies jiiowiiiL' in quiet meanders and backwaters. These plants 
grow in shallow water on the sircambed or on gently sloping banks. Their main 
requirements are a low level of bedload transport and plenty of light; in narrow 
channels, shade from trees on the bank stunts plant development 

Protective action. Aquatic plants reduce water velocity and blunt its erosive 
force. They protect the bed ftom erosion, especially when flattened against it by 
strong flows. Ideally, therefore, flat banks should be covered with plants, al- 
though not too thickly. 

Introduction of a livini; structure. It is not easy to introduce aquatic plants arti- 
ficiaih. and until iccc-inl\ it was scarcely even attempted. However, the plants 
can be established quite easily where there is an existing cane-brake, so the best 
method would appear lo be to plant reeds first. 

Cane-brake zpne 

Plant associations. Depending on the prevailing ecological conditions, different 
types of Phmgmites association appear in the cane-brake zone. Reeds and rushes 
may be found in stagnant waters and in the lower reaches of torrential streams, 
estuaries and so on. They grow at depths of 0.3-1 .5 m in fresh or brackish water; 
rushes can grow down as far as 2 m in moderately to highly eutrophic soils rang- 
ing from silty clay to fine sands. 

or the v arious plants such as calamus. Clxccria, reedmace and sedge, one in 
particular — Pliiilaris (reedy canary grass) — stands out. especially in small or 
medium-si/e channels. It prefers oxygen-rich running water, up to O .^O m deep, 
and will lake rool in silty, .sandy or gravel soils and sometimes even in low or 
high marshy ground. 

Protective action. Cane-brakes protect banks and fix soil below the water-tine 
(in some cases, a little way above it as well), while their aerial parts provide as 
much, if not more, protection. The vegetation acts as a permeable barrio' helfNiig 
to deaden the impact of waves and streamflows on the soil surface. This kind of 
active bank protection by cane-brakes is only feasible in zones porroanently 
under water, i.e. lying below the mean water level. 
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F^pre 51. Methods of introdttciiig a living stnictiue in the cane-tmke zone to protect 
torrent banks 

The protection at lDrded by the various types of cane-brake association varies; 
for example, some protect the /one affected by chaniies in the uater-ieveL The 
most important asscK iation is the Phrai^rnites one: these robust plants have stems 
which hgnify in autumn, enabhng them to provide protection during the winter 
as well, thanks to the dense tangle of plant residues and strongly rooted rhi- 
zomes. No other type of reed is so effective at fixing the soil. It has other advan- 
tages too: all the aerial and underground stems have node buds, facilitating le- 
geneiation, planting and vegetative propagation. 

Introduction of a living structure. Them are various methods of establishing 
cane-bfakes and rush beds (Figure 51). The oldest method, applicable to all 
plants, is stool planting. The aerial parts are severed and the cube-shaped stools 
placed in previously dug holes, ensuring that they are at least two-thirds covered. 

Many species can be successfully planted from rhi/omes or cuttings, thus ne- 
cessitalmt: fewer plants. They are placed in holes or narrow trenches aU)ng the 
mean summer water-line, so that only the aerial shoots can be seen above the 
soil. 

Phragmiies cuttings can be planted alongside stagnant or slow-flowing water. 
Generally, three cuttings are placed in each 30-50 cm deep hole. In compact or 
stony soU, the holes are best made with a dibble. Phalaris and Gfyceria can also 
be planted in veiy damp bank soils, provided they are not flooded in the ensuing 
six mondis. 
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Since banks are often not sufficiently consolidated immediately after planting, 
combined structures have been developed in which initial bank protection is pro- 
vided by inert materials such as bundles of canes; these have been shown to be 
effective along both slow- and fast-moving stretches of water. A trench 40 cm 
wide and 40 cm deep is dug behind a row of stakes and wire netting laid in it to 
cover the sides as well; filling materials such as coarse gravel are then heaped on 
top; finally, the stools are positioned. The two ends of the netting are then fas- 
tened together with galvanized wire, ensuring the bundles do not rise more than 
5 cm above the water-level. The final stage is to cover everything over with earth 
and stool residues. A cane-brake can be combined with paving or riprapping by 
inserting rhizomes or cuttings between joints and gaps at the mean summer 
water-level. 

Riparian zone 

Plant associations. This zone consists of clumps of trees and shrubs, mainly wil- 
low and alder. There are associations of riparian willow, marsh alder, and other 
riverside species. Sali.x alha, Salix fragilis, SalLx rubens and Popidus nigra will 
grow on gravel soils. Salicetum alhae prefers cool, moist soils, which are alka- 
line to slightly acid, on high or low ground. Salicetum fragilis is normally found 
in neutral to acid soils and also does well in mountainous areas. Coppices com- 
posed of these species are a highly effective form of bank protection. 

However, true riparian ass(x:ialions, composed mainly of Alnus glutinosa, are 
Stellario-Alnetum, Carici remotae-Fraxinetum and Prima- Fraxinetum. These 
grow on cool moist banks on medium to high ground where the soil is acid to 
slightly alkaline. The main genera are Fraxinus, Primus and Vlmus, together 
with shrubby species such as Viburnum, Coryius, Evonymus, Rhamnus, Cratae- 
gus, Comus and Sambucus. 

In these formations, ash, sycamore and all the above shrubs play an important 
role, particularly in maturing the soil; nearer the bank, willows can be very use- 
ful. 

Protective action, in every tree association, the roots help prevent soil erosion; 
in particular, they protect banks from the effects of water and torrential flows. A 
tree association is the deepest type of bank soil protection, reaching down even to 
zones permanently under water. Banks criss-crossed by roots rarely break up un- 
less undercurrents have already made inroads into the unconsolidated soil be- 
neath the root system; even then, however, the shrub is not always uprooted. The 
root system of alders is capable of fixing banks that are almost vertical. 

The upper parts of the plant help reduce the velocity of flow and thus the ero- 
sive capacity of the water, although only during peak flows. Indeed, the role of 
shrubs in this zone is analogous to that of plants in the cane-brake zone. 

Branches act as an elastic check on water flow, thus helping prevent bank ero- 
sion. No inert material could provide such active protection. Flood damage to ri- 
parian formations is quickly repaired by vigorous new plant growth. 
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Inirodiiction of a livini; stniciure. The considerable regenerative capacitv of ri- 
parian coppices means that they have lonii been used in bank protection. All the 
ditTerent species produce suckers. The trunks and cut branches of willows are ca- 
pable of developing secondary roots; the trees also ha\e large numbers of dor- 
mant buds. Cuttings, branches or stems can be planted and fixed in a variety of 
ways to provide immediate pcotection. They may be interwoven (wattling) or fos- 
tened with wire (fascines or fascine mattresses). 

Wattling may take the form of fencing or matting. If the wattling is to root and 
send out shoots, it needs to be buried at least as far down as 20 cm. Fascines 
(Figure 52) and fascine bundles are cylindrical in shape, 4-20 m long and 10-40 
cm in diameter; they contain scarcely branched stems tighdy fastened with wire 
and are placed in the bank so that the parts that are meant to take root stay out of 
the water and in contact w ith the soil. C overing over with earth prevents desicca- 
tion. Coarse gravel or shingle is used to fill the fascine mattresses. 

The degree of protection can be increased by enipKn ing anchor hurdles, or 
rock-brush fascines. Anchors are made w iih 2-3 year-old willow stems ( 1 .5-2.0 m 
long) laid out in parallel rows 1-5 cm apart and perpendicular to the direction of 
flow. Tlie bottoms t)f the stems are placed in a 15-cm deep ditch and covered 
over. Willow branches are fastened lirmly together w ith wire, fascines or willow 
plaiting, usmg stakes 0.6-1.0 m long for w iring: anchoring the plaiting involves 
first driving stems into the ground until they protrude 10-20 cm above it. Once 
the branches are in position, the stakes are joined together with galvanized wire; 
they are then driven in again until the bed of stems is tightly pegged to the 
ground. 

When willow fascines are used for consolidation, leave a 1.0-1.2 m gap 
between them and cover thiidy with earth so that the bfanches are flattened but 
not completely hidden. Hurdling is composed of layers 10-20 cm wide fof Imish- 
wood fixed by fascines 60-80 cm apart and laid parallel to the direction of flow 
or at an angle of 30"" to it. The ends of the bottom layer cover the base of the 
la> er abo\ e; the base of the bottom row is positioned in a trench dug previously 
at the toot of the slope. Everything is tiien covered over with earth or fine gravel 
to a depth of 1 5-25 cm. 

Rock-brush fascines basically consist of 20-30 cm thick compressed layers of 
brushwood, which are covered w ith lascines of green branches and secured by 
stakes and (if possible) forked branches. The spaces between the fascines are 
fdled w ith gravel, sioncs ami earth, and another 2()-3() cm thick brusliwood layer 
is laid on lop (Figure 52). Rock-brush lascines are particularly useful lor restor- 
ing badly scoured banks along deep streams. 

in banks where the root system has not had time to develop properly, addition- 
al tempofaiy protection may be provided by inert nuteiials such as riprapping or 
paving. Sites unsuitable for replanting may be grassed over with species such as 
Angelica archangelica, ChaerophyUum buibosum, Agropynm repens and Festu- 
ca arundinacea; these plants help consolidate banks without the need for mainte- 
nance. All are tufled species, with stolons and quickly spreading root systems. 
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Figure 52. IntroUuctioa of riparian vegetation to protect torrent banks 



Brush zone 

Plant oK.Kociations. These consist of Fraxino-V hue turn, Pruno-Fra.xinctititt and 
Stellario-Carpinetiur. On fertile sites managed for pasture, ash tends to be the 
dominant species in the association; in moist zones, Alnns ^lntinuMi: and in dry 
/ones. (JiicKiis rohiir and Acerpseiuioplatunus. In Frcixino-Uhnctuni associa- 
tions with moderately alkaline soil, ash will predominate. Other impoitaiii spe- 
cies are: Ulmus campestris^ Populus alba and P. canescens, Tilia cordata and 
Acer campestris. 

The shnib layer is particularly rich in species. In addition to those mentioned 
above, the genera Viburnum, Ugustrum, Prunus and Rubus may also be added. 

The latter is particularly effective at fixing the soil in hydrophilous forests and 
can easily be planted between gaps in the paving or riprapping. In older associa- 
tions, Carpinus bet u I us is often found. 

Protective ac tion. This zone has a smaller role in bank protection since it is 
less subject to flooding and water erosion. However, the zone's vegetation has a 
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definite inlluence on that ol other /ones, particularly as far as shade is concerned, 
since most associations in the other zones require plenty of light. 

Iniwdiiciion oj a living siructure. Formations in the woody zone proper are 
created by planting different rooting species of siirubs and trees (Figure 53). 
Maiatenance cuts should be used to create as natural a formation as possible. 
Trees should be densely planted to ensure compact formations. 



2^ J Arrang^menl and combination of vegetation zones adapted to stream 
morpiiology 

Asymmetrical cross-section 

As waters tend to follow a winding course, the characteristic depth and width of 
the channel cross-section will be constantly changing: in particular, there will be 
asymmetiy (Figure 54). While on die inside the slide bank is fairly flat, die an^e 
and shape of the slope at various points above the water-level has a considerable 
influence on die zoning of vegetation. The gentler the slope in a particular zone, 
the more vegetation will be encouraged. In banks sloping steeply into the water, 
for example, the forest zone may extend almost to the water-line, leaving no 
room for a cane-brake (for which llieie would not be enough light anyway). On 
the other hand, a fairly flat bank, particularly in the zone around the mean flow 
level, facilitates the establishment of a broad belt of reeds. 

Advantages of cross-sectional asymmetry 

In farming areas, streams and bank vegetation are expected to take up as little 
room as jxissible. with gently sloping banks only being permitted if they consist 
of exploitable grassland. .Since woody torniations on gentle sK>pes take up much 
of the cross-section, the slope needs to be kept vertical on the outside of the 
bend, although on tlie inside il can be much Hatter and protected by grass and 
reeds. 

Banks exposed to the full f<xce of the waters should have woody formations to 
provide active protection during peak flows. Slide banks require less protection 
and can be fanned right up to the cane-brake zone. It is here that deposition 
occurs. 
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Mean flood (evel 
Mean water-level 




• = Willow (20) 

• Alder (10) 

Cb = White beech (1) 

Fe = Ash (6) 

Pp = Cherry (3) 

Or = Oak(l) 

Ca = Hazel (4) 

Cm= Hawthorn (1) 

Ee = Evonymos shrubs (1) 

Vo = Vrbumum shrubs (3) 




F igure 53. Brush zone design for torrential streambanks 
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A ■ nowofwMkMra 

B ■ Creepers 

C M Rant litter 

D = Paving 

E s Rtalaris 

P « OstorlMd 

G> AMmandaahM 



Figure 54. Cross-section of a natural streambed showing vegetation zones 
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3. Protection of primary channels 



3.1 General 

For the most part, training walls are built along reaches affected by sediment 
depositicxi and charactmzed by zones of discontinuous lateral ct oslon (usually 
along just one bank). These structures may be classified according to whether 
they protect primary channels from lateral erosion or from flooding. Groynes are 
probably the most common method of countering lateral erosion. Training walls 
also protect banks directly from lateral erosion and help stabilize the channel sec- 
lion by tightening the outside bend and smoothing the inside one. They are made 
of strong materials such as concrete and masonr\ , although gabions may be used 
where the ground is not firm, because ihcir construction enables them to absorb 
difieiential settlement at ifaeir base widiout breaking up. 

Another wa> oi protecting tonential streams from water erosion is bank cor- 
rection and revetment This step involves covering the bank with loose materials 
(fipnipping) and is a simple and economic method, providing the channel con- 
tains materials large enough to enable the revetment to resist the tractive force of 
peak flows. The loose rock is dumped on the slope, and ail gaps are filled in with 
finer materials to allow the planting and development of shrubby riparian spe- 
cies, thereby increasing the strength and effectiveness of the protection. 

.'\nother kind of non-erodible bank revetment is wire mesh of the type used in 
gabions. The mesh is either simply placed over the slope materials lo keep them 
from being detached by the water or made into "bags'", which are then tilled with 
stones. Since the stones do not have to be particularly large, this technique is use- 
ful where the only available materials are too small for riprapping, even if hand- 
placed rather than dumped. 

Although strictly biological, there is another form of streambank revetment 
that protects against lateral erosion: the establishment of shrubby or sub-shrubby 
plant cover, preferably after some initial slope coitection work. 

In channels whose upper banks are nearly always above water, fast-growing, 
quick-rooting riparian species can be used. In the slope area beyond the bank 
crest, however, growth should be checked before the tree stage is reached. 

Bank flood protection works usually take the form of non-submergible Jetties 
that slabili/e and strengthen streambanks and ensure a cross-section capable of 
dealing with even the largest IIoikIs. A similar role can he played by submergible 
jetties. The resulting floodway is able lo handle ordinaiy, frequently recurring 
floodflows. Jetties also help control the circulation of water and protect the river- 
side firom the erosive effiects of heavy flooduig. 

Fkom the viewpoint of clear water hydraulics, the wide channels along which 
waters in these reaches normally flow facilitate the design of training worics; this 
step involves keeping the streambed flat and constructing two jetties to produce a 
cross-section wide enough to virtually rule out the possibility of overtopping. 
However, since the characteristics of sediment transport in the reach remain the 



Copyrighted matBrial 



124 



same, the bed level will continue to rise, entailing a systematic reduction in dis- 
charge capacity and nullifying the effectiveness of the training works. 

By narrowing the channel section, the water's tractive force could be suffi- 
ciently increased to virtually eliminate mass deposition. This would obviously so 
reduce discharge capacity that there would be little point in constructing the 
training works in the first place. Flood protection works along torrent banks can- 
not be effective in the long term unless a global approach is taken to control tor- 
renliality in catchments and their headwaters, so that waterfiow and sediment 
transport during peak discharges is kept to a minimum. 



3.2 Bend protection 

Undercutting or scouring on bends increases water depth and velocity along the 
extrados, resulting in lateral displacement of the channel. This is a particularly 
dangerous form of scouring and can cause serious damage. The outer bend is 
therefore usually protected with groynes and bank revetments; both methods aim 
to divert high-velocity streamlines away from bank materials and prevent their 
detachment. 

Groynes are structures jutting into the stream but keyed into or supported by 
the bank. They not only divert streamlines away from the bank, but encourage 
sediment deposition in the gaps between them. They are simple and cheap to 
build, with maintenance costs actually shrinking as time goes by. If the groyne 
head becomes worn, the remainder of the structure is still effective, while the de- 
struction of one groyne does not pose any special threat to the others. Repairs, 
moreover, are quite straightforward. 

Streambank revetments and protection works rest directly against the bank 
slope and the channel bottom and are made of materials that cannot be detached 
by the flow. A filter is normally placed between gaps in the revetment. The main 
advantage of streambank revetments is that they j>ermanently fix the shape of the 
bank, preventing subsequent displacement. However, they are more difficult to 
build than groynes and therefore cost more. They also need careful maintenance, 
as even a small fault can damage the whole structure. 



33 Groyne design 

The main points to be borne in mind when designing groynes are: 

• location in plan: radius of bends, length of tangents, width of stream (.stable); 

• length of groynes; 

• spacing of groynes; 

• height and slof>e of crest; 

• angle of orientation to the bank; 

• groyne permeability; construction materials; 
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• undercutting ol bend and local scouring at groyne head. 
The first five points are discussed below. The other two will be oommenled on 
only briefly. 

LocatUm in plan 

Protective works may be designed to follow the existing bank or a conected one, 
but in either case the channel axis should be drawn in plan, together with a line 
running parallel to it along the bank (which the groynes will meet). The length of 
each groyne is given by die distance ot the actual bank from this line. The widUi 
B between the new banks wiU depend on the outcome of Ifae flow stab^ 

When oonecting sandy or silly channels, the radii of the curves (measured up to 
the channd axis) should as fin* as possible be of length as fcdkms: with a unifb^ 
curve (oonection), all the groynes are the same length, the same distance apart and 
at the same angle. If the above radii are respected, groynes will provide efifective 
protecdoo. The shorter the radii, the smaller the gap between the groynes, makiuig 
it more economical to protect the bank directly. Longer radii cause the stream to 
curve in w ithin the bend itself, and groyne action will not be uniform. 

If the aim is simply to protect existing stream banks, and correction works are 
not feasible, then the line joining the groyne heads should he as uniform as pos- 
sible, without necessarilx keeping the same raduis throughout. Because this type 
of work is comparatively inexpensive, it is most commonly carried out during the 
initial phase of a region's development (Figure 55). With irregular stream banks, 
the length and the distance between groynes should vaiy; indeed, the bonk itself 
will differ at each anchoring point 

Whether it is a single bend or an entire reach that is bemg protected, the first 
duee upstream groynes should always be of different lengths. The first groyne 
should be as short as possible (equal to water depth), with the length of the sec- 
ond and third groynes increasing uniformly until the design length is readied 
with the fourth groyne. All groynes should have the same crest slope. 

Length of groynes 

A groyne's total length is made up of the anchor length and the working length, 
the anchor being that part which is initially embedded in the bank, and so not in 
the stream itseil. 

Recommendations 

Working; length. This is measured ait)ng the crest and is chosen mdependently. it 
should ideally fall within the following range: 
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UnitorTTi line joining groyne heads 
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Fisore 55. Groyne design: various types of location in plan 



in which B is the average width of the channel and h the average depth, both of 
these under dominant discharge conditions. 

Anchor length. Anchors are not essential, i.e. groynes do not necessarily have 
to be keyed into the bank. 



AllhoiiL'h II was stated abt>\c that workiiiL' IciiL'th is decided independently, all 
the groyne heads should still meet the same design line. It' the groynes are to be 
of predetermined length, this line will move nearer lo or furiher away from the 
main bank, but will always be parallel lo it. 

For reasons of eojnomy, the anchoring should be as short as possible. The 
ends of the groynes should be set directly against the bank, keying in only about 
4 percent of thenn. It is much cheaper to repair any eventual damage to a few 
groynes than to anchor all of them. Repairs are carried out at the next low water 
by lengthening the groyne until it rejoins the eroded bank. If groynes break up at 
all, it is usually during the first flood. Once repaired, however, they continue 
their action without much further maintenance. If it is necessary to avoid damage 
to grosnes in a parlieular reach, then the spacing between them should be re- 
duced, or Lhey should be keyed in (to a maximum distance of 

The spacing is measured at the bank between two groyne bases and depends 
mainly on the length of the upstream groyne. The angle that the groyne makes 
with the downstream bank and the theoretical widening of the flow (by 9°-H°) 
as it passes the groyne head should also be taken into account ^Figure 56 j. 



Remarks 
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Recommendations 

When groynes have to be constructed in straight reaches without any bank an- 
choring, the spacing should be as follows: 

a Spacing, Sp 

QO'-TO" (4.5-5.5) L, 

60° (5-6) L, 

The spacing Sp between groynes on bends is best illustrated diagrammatically 
(Figures 55 and 57). In a regular bend with a single radius of curvature, good re- 
sults have been obtained with 5^ = (2.5-4) L^. If the curve is irregular, however, 
or if the radius of curvature is particularly small, a diagram is needed to deter- 
mine spacing (Figure 57); angles of orientation can be fixed at the same time. 




lengths remain the same 

Design of groynes on a bend 

Figure 57. Spacing of groynes (in plan) 
Remarks 

The recommended spacings are slightly narrower than the theoretical ones indi- 
cated in Figure 56 as the groynes are not keyed into the bank. However, given an 
anchorage of 0.25 the same spacing may be used as per Figure 56. If desired, 
savings can be made by having the groynes 8 apart in straight reaches and 6 
apart on bends; the following year, shorter intermediate groynes can be inserted 
upstream of any that are weakened or broken. 

Height and slope of crest 

Groynes have been constructed without any longitudinal slope (5 = 0) towards 
the centre of the channel, as well as with slopes from 0.02 to 0.25. Experiments 
with groynes having a horizontal crest and slopes of 0.1-0.5 and 1 have also been 
made. 
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lUcommendaiums 

Groynes should be constructed so that they slope toward the centre of the chan- 
nel; they should start either at the top of the bank or at the free suifiwe level cor- 
respondng to the dominant dischaiige. The head should be no more than 30 cm 
above the channel bottom. This placement produces slopes of between 0.05 and 
0.25, with satisfaclofy results (Hgure 58). 
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Figure 58. Height and slope of a groyne crest 



Remarks 

The advantages of having groynes that descend so steeply into the channel are as 

follows: (1) virtually no scouring occurs at the groyne head; (2) if the groyne has 
vertical sides with sheet piling there will only he some slight erosion at the up- 
stream face; (3) if, on the other hand, its sides are not vertical but have a slope of 
1.5/1 with riprapping. sediment deposition will occur immediately behind the 
downstream face, providing valuable protection; (4) each groyne requires only 
40-70 percent of the material needed to construct a horizontal crest groyne (the 
greatest savings are made using riprapping or gabions); (5) depositioD of sandy 
materials between groynes is flBsler than with a horizontal slope; groynes having 
these slopes and separated by a gap of 4 are unlikely to break up. They have, 
however, only been tested oa bends. 
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Angle uj orientation to the hank 

Groynes may be angled upstream or downstream or placed nomial to the flow. 
Groyne orientation is measured by taking the ;mglc formed by the groyne's longi- 
tudinal axis and the downstream tangent to the bank at the pomt of anchorage 
(Figures 55 and 57). 

Recommendations 

In a straight reach or regular bend, the groynes should form an angle of 70** with 
the direction of flow. On an irregular bend, especiaUy if its radius is less than 
25 m, this angle will be smaller — as Utde as 3(f in some cases (Figures 55 and S7). 

Rt'iiKuks 

Where the angle of orientation is greater than 90", the distance between groynes 
has to be reduced; therefore more are needed to protect the same stretch of bank. 
Angles of 120' have been tried but without much success; when one of these 
groynes gave way, bank erosion was greater than vv ith groynes angled at 70 -60°. 
For angles between 70*^ and 90°, groyne length remains \ ulually ihc same. Since 
the flow is not parallel to the bank, groynes should ideally be angled at 70" rather 
than 90^ whatever the discharge level. 

If a bend is so tight as to require groynes angled at less than 40°, bank revet- 
ment may be a more appropriate form of protection. 

Groyne permeability. ConstructUm materials 

Groynes can be made of a large variety of materials such as wood, trunks and 
branches, stone, prefabricated concrete, steel and wire, etc.; sheet piling, riprap- 
ping or gabions are the most frequently used. 

Groynes intended to be left permanently in the main channel should be im- 
permeable, which makes iheiti more effective at diverting the flow away from the 
bank. On the other hand, if groynes are used to reduce the \clocity of flow in a 
zone so that it can be filled in with bcdlcuid transpi)ricd b) the stream (for bank 
formation), ihey should be permeable; in this way, they let the water through 
while slowing it down sufficiently to induce sediment deposition (Figure 59). 

Groynes should be constructed of materials strong enough to vrithstand not 
only flow pressures but also the impact of any trunks, trees and other floating 
bodies transported by the river. In fact, groynes that are themselves made of tree 
trunks and branches are usually destroyed. 

Undercutting of groynes 

Local scouring at the groyne head is a major problem during construction if loose 
materials (bags, stones, gabions, etc.) are being used. If the velocity of flow ex- 
ceeds 50 cm/s, the bottom cm which the groyne is to rest should be covered with 
a layer 30 cm thick of stone prior to building (from the bank outwards). Without 
such a floor, more materials will be needed. Local sciiuring at the groyne head is 
much less of a problem if the groyne itself is given a sleep longitudinal slope. 
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Figure 59. Series of gabion groynes on a gabion base along an eroded bank 
3.4 Revetments 



3.4.1 Systematic use of shrubs for bank slope fixing and stabilization 

The soil characteristics of bank slopes (for example, soil that is too powdery) and 
climatic factors (such as long summer droughts and lack of capillary moistening 
of the soil) limit the opportunities for establishing grassy vegetation; however, 
dense shrubby bush (max. height 5 m) may be used instead to fix and stabilize 
slopes. Small-scale trials have confirmed that this planting system can protect 
soil from erosion, reduce water velocity in the bank zone and control the velocity 
of floodwaters in riverside areas. 
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Two factors determine the w idih ol such plantations; soil type and the velocity 
of flow. The more powdery the soil, the greater the width of the shrub belt. The 
velocity of flow in the baidc zone depends on the bed slope and the curvature of 
the channel. Approximate Velocities are: 1 m/s for convex banks; 1.5-2 m/s for 
straight reaches; 2-2.5 m/s for con<!ave ones. The width of the plantation will 
vary in proportion to these values from, for example, 10 m in convex stretches to 
25 m in tight concave ones (Figure ,60)^ During the first few years, plantations are 
usually accompanied by other preventive measures; they may be either perma- 
nent (aprons, concrete slabs and even sodding if soil and weather conditions per- 
mit), or temporary (such as fascines, contour wattling or thin — 5-6 cm — rein- 
forced concrete flags leaving 200-300 cm- arounti each plant for aeration). Large 
trees have no place in bank slope plantations and should be no nearer than 20 m 
to the crest when the channel slope exceeds 5 percent. 



3A2 Bank revetment 

Erosion eats away at banks, causing their eventual deterioration or destruction. 
Revetments are designed to protect banks from erosion, restore the slope of a 




I%uve ISA. Types of CRMS-sectkm in bank levetments with a mixed system induding vegetation 
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deeply eroded bank and repair damage to bank protection works in certain reach- 
es. -In choosing the type of revetment, one sbouid bear in mind that the bank 

slope consists of three zones: 

• the permanently submerged zone below ifie low water level; 

• the zone lying above the 5-year flood level ( this being the period needed for 
shrubby plantations to become fully eliective),and which is only temporarily 

• submerged: * .. 

• the intermediate zone between the previous two. 

Painiityig Hie dififerent stages in a given -secBoki of the channel over a 20- 
year period win help establish the ix>undafies beitween the three zones. 

Measmes to be taken in the first zone iai^: ;laige boulders or artificial slabs 
resting on rodcfill and put in place when water velocity has dropped bdow 0.8 
m/s. Bank slopes shouki all be less than 1/1 . Sandy slopes may require the use of 
sheet piling or cribbing, etc. (Figures 61-63). 




Figure 61. Bank revetment (various types) 

bi the second zone, grassing is recommended where soil and climatic condi> 
tioos peimit; if not, shn4» can be planted instead. 
In the fimd zone, tliere are three possible types of revetment: 



• Revetments composed of loose elements laid side by side: these structures de- 
pend on their ow n weight and the placement of their elements for their stability. 
Examples ol materials are riprapping, drystone masonry, thin concrete flags and 
concrete slabs weighing up to 75-80 kg. Figure 64 shows what to do when the toot 
of the bank slope has been eroded by water. The revetment should rest on a layer of 
slones and have a trapexoidd section 1-1.5 m high and 2 m wkle, with 2/3 dopes. 

• Gabion revetment: several designs for this fonn of bank protection are given in 
Chapter 4 on gabions (Figure 65). 

• Monolithic revetments: these stnictures are nuule of such materials as 03-0.6 m 
ooncrete slabs with' conlractian j<Mnts, reinfoiced concrete sUbs, etc. (Figure 66). 
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Figpre €L Bank revetment (various types) 
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ngnre C3. Bank levetment (varioiis types) 
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Figure 64k Bank revetment consisting of elenients laid side by side 
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Figure 65. Cross-sections of ditierent types ol gabion reveuneiu (shallow foundations) 
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4. Gabion structures 

Gabions are crates or boxes made of wire mesh and filled with stones; they may 
be prismatic or cylindrical in shape. 

4.1 Chsraeterblics and types of gabkm 

The prismatic gabions used in dams, walls, groynes, etc. are rectangular parallel- 
epipeds made of wire mesh that has been galvanized or plasticized to protect the 
wire from nitrates in the water. Gabion dams may be classed as loose material 
dams on account of their origin, action, filling materials, flexibility and filtering 
capacity as well as their role at the interlace between structure and foundation 
floor. Firom a static pant of view, dieir outer metal covering peimits the use of a 
tcansverse profile aiid a method of determining dimension similar to that for 
gravity dams. 
Gabions are used where: 

• suitable filling materials are available; 

• any other material would pose transport problems (empty gabions are light 

and easy to handle); 

• enough manpower is available. 

The disadvantage of gabions is that the wire can become oxidized or snap 
under pressure from the materials transported by the water. This can be solved by 
galvanizing and plasticizing the wire, or covering the mesh with concrete. 

Prismatic gabions are described by the following characteristics: 

• the length in metres of the three edges converging at a comer, expressed as 
the length, width and hdgfat; 

• the mesh widdi in centimetres; 

• the llilclmess of the galvanized wire. 

Chmetortatics of galvanized wire gabkNW 
(5 X 7 cm mesh) 



Dimanslone Weight (kg) 



Lenplh 

(ni) 


WMth 

(m) 


Halglit 
(m) 


Volunw 
(m*) 


Without dtaphragnM 
24iiim««lm 


2 


1 


0.8 


1 


13.6 


3 


1 


0.5 


1.5 


19.5 


1.5 


1 


1 


1.5 


15.6 


2 


1 


1 


2 


19X) 


3 


1 


1 


3 


26.0 
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Chafactarlstics of galvanized wire gabions 
(6 X 8 cm mesh) 



DimmloffM W6lgM(lcg) 



Length 


Width Height 


VMume 


witnoui aiapnragins 


(m) 


(m) (m) 


(m3) 


2.4 mm m wire 


2 


1 0.5 


1 


11.0 


3 


1 0.5 


1.5 


15.0 


1.5 


1 1 


1.5 


12.0 


2 


1 1 


2 


15.0 


3 


1 1 


3 


20.0 


The characteristics of galvanized cylindrical gabions and galvanized plasti- 
cized gabions used in a|Hon suppcHt or stieambank revetment are: 




Characteristics of galvanized cylindrical gabions 
(8 X 10 cm mesh) 


Dii 


nsnslons 




WeloM(ko) 


Langtti 

(m) 


Olameler 

(m) 


Volume 

(in») 


3.0 mm 0 wire 


2 


0.65 


0.65 


9.6 


3 


0.65 


1.00 


13.5 


2 


0.95 


1.40 


15.7 


3 


0.95 


2.15 


21.0 



Characteristics of galvanized plastlclzscl gabions 
(8 X 10 cm mesh) 



DImentlofM Weight (kg) 

Length Diameter Volume 2.7 mm 0 wire 

(m) (m) (m3) 

2 0.65 0.65 9.4 

3 0.66 1.00 13.0 

2 0.95 1.40 15.2 

3 0.95 2.15 21.2 
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For the 8X 10 mm mesh, SAE 1010 wire is used; it has a low carixm content 
and a resistance of 45 kgAmn^. SAE 1040, which has a high caibon content, is 
used for the Sx7 mesh and has a resistance of 83 kgAnm^. Binding wire is flex- 
ible, 2.4 ami ddck and triple galvanized. After galvanization (2S0 gAn? of zinc), 

wire should be able to resist abrasion, twisting, blows and oxidization; die zinc 
will need to be blended with steel to improve adliesion. In particularly corrosive 
conditions, the galvanized wire should be given a coating of polyvinyl chloride 
as well. 



4J Instractions for use of gabions 

A prismatic gabion has three parts: the body and two end-pieces (Hgure 67). 
Rectangle I forms the lid of the gabion, rectangle in the base, and rectangles U 
and IV the sides. The structure is closed by two end-pieces (7), fixed like hinges 

at either end. 

The wire used for the edges is usually one si/c up trom thai used for the mesh- 
ing. For ease of transport, prismatic gabions are folded. Assembly is in three 
stages: (1) unfold the gabion and lay it flat on the ground; (2) raise rectangles II 
and IV and the two end-pieces (7) until their edges coincide, thus fonning an 
open-top crate; and (3) tie edges A/, A/, EH and FG firmly together with galvsr 
nizedwire. 

Use 2.4-mm diameter wue to sew the gabion together. The quantity of wire 

needed for die operation amounts to about 5 percent of the gabion's total weig|it 
Above a certain height, the gabion will need to be braced by joining opposite factB 
horizontally with wire the same thickness as the mesh. This reinforcement keeps 
the gabion from being pushed out of shape by the weight of the till material. The 
horizontal spacing between braces should be 70-80 cm. with a 33-cm vertical gap 
between iw o horizontal rows. The braces in one row should alternate with those 
in the row mimcdiateiy below. 

In all gabions, and especially those at the ends of rows, adjacent faces are usu- 
ally braced as welL Gabions used in foundations also have vertical braces linldng 
the base to the lid. Before filling, the gabion's longest sides should be squared 
with planks supported by iron stmts to prevent buckling (Figure 67). 

The fining should be as dense as possible. To stop stones escaping, only the 
largest ones should be in contact with the mesh, while the smaller stones should 
be kept for the inside. After filling the gabion, the lid is closed and .secured. Simi- 
larly, the edges of each gabion should be tied to those of its neighbours so that 
the whole structure is bound lightly together. Gabions are suitable tor building 
dams up to 10 m high. Their flexibility enables them to adapt to the differential 
settlement of tiers and foundations. 

Suice monoltthic masonry and concrete structures call for finn foundations, 
die cost of the extra volume required if the terram is not suitable can be prohibi- 
tive. In such drcumstances, gabions provide the best solution. 
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Figure 67. InNiruciiuns tor use ot gubions 



Another advantage compared to masonrx' or ccincrete is that the latter requires 
lime or cement, sand and water to prepare the mortar, t ransporting these ingre- 
dients, particularly to a site high up in the mountains, adds considerably to the 
cost ot the operation. Gabions, on the other hand, are laclory-tolded and deliv- 
ered unfilled. 
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43 Design of different types of structures and combination of gabions with 
other materials 

Figures 68-70 show various types of structure design; check dams; weirs; pipe 
proteclion; groynes; cylindrical gabions for apron support; metal plate revetment; 
mixed bank protection; training walls. 

Eaiiier, it was noted that gabion check dams can be buflt as high as 10 m pro- 
vided the calculations regarding the thickness of each tier are respected. The ga- 
bions should be superposed on each odier in a rational manner so that each tier is 
of the same thickness, give or take 0.25 m (Figure 67). However, gabions are 
even more useful in low walls or dams and stay in place indefinitely thanks to the 
stability the mesh gives the stones. As regards the coefficient of resistance to 
compression, experience has shown that 1 m- of gabion can support 5 t (0.5 
kg/cm-) and c\cn. in the case of stepped walls and dams, an apparent weight of 
20 I. without dctunnation; in this way. heights of 10-12 m can be attained. 

There are three reasons why so much use is made of gabion dams: 

• A high dam can be replaced by several lower ones, resulting m a reduction in 
overall volume. 

• Existing dams can be raised to alter the slope of siltation at miititnai cost. 

• Intermediate dams be inserted to achieve the previous otgective on a Uuger 
scale. 

The chief advantage of gabions is their versatility; improvements and modifi- 
cations (in the form of small works) can be introduced dining the course of a pro- 
ject to take account of any changes in the state of the channel. 

Weirs (both for diversion and storage) are another of the numerous applica- 
tions of gabions that might be mentioned; they arc really only special cases of the 
torrent control dams already discussed above. Since their main characteristic is 
flexibility, such weirs need to be small and broad-based, particularly if they are 
to adapt quickly and lull) lo the terrain and prevent scouring. One great advan- 
tage is that they can be introduced on any type of ground without the need for 
complex foundation woiks — a simple platform of gabions that can be embedded 
in die channel at any time of year is all that is required. Even the abutments can 
be made of gabions (Figure 68). 

At first sight, gabions do not appear to give much assurance of impermeabU- 
ity. However, all the gaps between the stones will have filled up with sediment 
after two or three basic-stage Hoods: gabion structures are therefcHPe just as effec- 
tive and long-lasting as those built of other kinds of material. 

In a gabion dam it is particularly important lo have as long a stilling pool 
apron as possible with a cutoff u all at the end deep enough to prevent undercut- 
ting. Upstream, a cutoff is also required below the bottom step, perhaps in com- 
bination with a short ^non of similar width to the step. 

It is also necessaiy to prevent the nappe finom damaging the abutments, i.e. the 
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point at which the gabions arc cmbccklcd. Since there is nothing actnally fixing 
the gabions to the ground, the water may dislodge them, preventing proper sellle- 
meni and undermining the safety and stability of the whole structure. 

GaMoii weirs and dams are practical and economical and can be used when- 
ever a small stnictuie is needed to solve a problem quickly and inexpensively 
(e.g. stream diversion* coffer dams or storage basins). The initial lack of imperme- 
ability is not as serious as it appears since gaps will automatically be filled with 
sediment. Furthermore, impermeability can always be increased by enveloping 
the body of the structure with wire mesh of the same mesh size as the gabions. 
As shown in Figures 68 and 69, the weir face can be smoothed b\ tilling in 
with stones. The next step is to plaster over the entire mesh, thereby improving 
impermeability, strengthening the structure and facilitating tlovs over it. 

/\n()thei method is to give the structure an outer shell or alternatively an im- 
permeable inner membrane. In the tormer case, a similar method is used to that 
described above. It involves directly concreting over the gabions so lliai the lace 
is no longer stepped but flat and thoa overlaying diem with wire mesh. This tech- 
nique is normally used in low, broad-based dams. Stnictmes between 10 and 
12 m high that have been built to store water for domestic use in towns and 
places with inadequate groundwater resources are examples of when the latter 
method is adopted. These structures perform quite satisfactorily, ance heavy 
rains once or twice a year are enough to fill the reservoir and ensure siqiplies in 
dry periods. 

The most comm<Mi solution in the ease of storage or diversion weirs up to 6 m 
high is to use an extremely compact clay membrane that runs through the middle 
of the gabions. In larger works, the membrane may be tarpaulin or even concrete 
although the latter has a tendency to crack owing to the settlement that takes 
place in any elastic structure. The membrane consists of a 40-cm thick layer of 
clay packed between two layers of tarpaulin running the entire breadth and height 
of the structure (Figure 69). 

Groynes made of gabions can be stepped, especially at the ends, to help re- 
store the bank's natural slope. The average slope of the stepped cross-section 
should facilitate flow and promote deposition. Normally, the groynes are de- 
signed so that the slope (S = 1/2) is the same on both sides, making a stability test 
unnecessary. Stability will an\ way improve once the sediment has had time to 
consolidate the gabion sirucluie. 

The most usual arrangement is stepped in the form of a symmetrical trapezium 
(generally triangular) consisting of gabions with a 1 x 1 cross-section and resting 
on a platform or base of I XO.SO transverse gabions (normally 3-4 m wider than 
the groyne foundation itself). However, for stability reasons the groyne axis 
should not coincide with the platfwm axis; to in^)rove stability, a gap is nonnally 
left on each side, the downstream one being twice as wide as the upstream one 
(Figure 68). The proportions of the gaps can vary — indeed they may sometimes 
be equal — depending on a detailed analysis of flow variations in the spaces 
between groynes. As a general rule, the drop-down curve should always hit the 
platform. 
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(iabions may be of diltcrcnl Icnglhs, but they are arranged so that joints in one 
lier never coincide vmiIi those in a neighbouring one. I he plallorni is buried, so 
that its surface is flush with the streambcd, the outer base being usually two-and- 
a-half tunes the upstream finee setttemeut widdi. The slope or stepped profile giv- 
en to the front part is notmally between 1/1 and 2/1 and constructed with trans- 
verse gabions that cover the ends of the tiers. The structure should normally have 
a 2-m wide crest, although a gabion O.S m high can be placed right at the top in- 
stead. Where floods are not particularly violent, the crests of small groynes can 
be designed on the basis of a gabion I X 1 m without threatening its stabili^; die 
section is lhercb\ reduced to a right-angled isosceles triangle. 

When the platform is not thick enough to compensate lor the slope of the bed 
and its irregularities, or when the depth of the waters prevents proper grading of 
the excavated site bottom, then cylindrical gabions may be used as a subfounda- 
tion to facilitate ht)ri/ontal settling of the platform (Figures 69 and 70). 

A more effective mixed form of bank protection is to have a gabion wall up to 
a certain height and, above it, a metal plate revetment (ideal for any ground sur- 
face in direct contact with water). The basic form of protection is illustrated in 
Figures 68 and 69; the former shows the section of a typical channel wall cover- 
ing virtually the whole bank. Channel training with gabions involves adapting the 
various measures described earlier to the streambed and virgin banks. 

The first thing to do in training works is to calculate the maximum welled sec- 
tion to establish the design profile This latter has to be adapted to the existing to- 
pography w ith a v iew to the luiuic levels of crossings or riverside areas. In atidi- 
tion, longitudinal correction (of profile and plan) will be needed first to avoid 
non-unifoim slopes and meanders. In any event, the constructor of gabion train- 
ing works will have his task facilitated if he follows the calculation methods de- 
scribed earlier. 

Conqposite training woflcs for channel correction and fixing are supported by 
bottom sills that extend across the streambed from the lateral wall platform. 
These consist simply of a row of 1 X 1 gabions positioned to protrude 25 cm 
above the ground (Figure 71). The commonest and most straightforward system 
is to fix the distance between such supports at one-and-a-half times the width of 
the channel. This spacing may be narrowed, especially if the stream is subject to 
frequent hea\ y flooding. If bed pa\ ing or revetment is envi.sagcd. the supports 
are placed just half a channel width apart and 0.5 m wide gabions laid tlush with 
them in the intervals. 



4.4 Specifications for stamlard gabions 

1. Standard gabions (of the types and dimensions referred lo below) should be 
strongly galvanized and have reinforced edges with mesh size and type as speci- 
fied in the following paragraphs. They may be divided by cellular membranes no 
more than one-and-a-haii times as long as the gabion i& wide. 
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2. The meshes used should be hexagonal and two-ply (i.e. with two wires 
interlaced for three half turns, and hence sometimes described as three-ply). 
Mesh size should conform to the manufacturer's specifications: lOx 12 is stan- 
dard. 

3. Both yabioii wire and binding wire shoukl coiitbnn \n BSS 1052/1942 mild 
steel wire; allernalivelv . the wire should have a mean breaking load of 38- 
50 kg/mm^ (prior to netting manufacture). The diameter should be 2 J or 3.0 mm, 
depending on requirements. 

4. A sample of the wire 30 cm long should be tested prior to making the net- 
ting. It should be capable of being stretched at least 12 percent 

5. Wire used for manufacturing or binding gabions should be galvanized in 
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ai:cordance with BSS 443/1969 galvanized coating on w ire, i.e. the zinc quantity 
should not fall t>elow the levels indicated in the table below. 

Nominal diameter of wire Minimum weight of coating 

(mm) (g/m-) 

2.2 240 

2.4 260 

2.7 260 

3.0 275 

3.4 275 

3.9 290 
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The zinc's adherence should be such lhai ihe wire can be wound six times 
around a c\ Hnder lour times its diameter wuhoul the coating flaking or cracking 
to the point that it can be scratched oil". 

6. All gabion edges, including lateral panels and diaphragms, should be me- 
chanically reinfoiced to give them the same strength as the mesh and to prevent 
the netting coming apart. The diameter of the wire used to strengthen the edges 
should be laiger than that of the netting wire itself: 

• > 3.9 mm, for a 10 X 12 mesh widi 3.0-mm diameter wire; 

• ^ 3.4 mm. for a 1 0 X 1 2 mesh with 2.7-nun diameter wire. 

7. Standard gabion dimensions are: 

• width: 1 .(M) m; 

• length: 2.()() m. 3.00 m or 4.00 m; 

• height: m or i.(K) m. 

8. A quantity of wire w ill be needed at the same time as the gabions, so that all 
binding operations can be carried out uhile the structure is being built. The wire 
should loiai about 5 percent ot the weight oi the gabions supplied, lis diameter 
should be: 

• 2.4 mm for gabions made of 3.0-mm diameter wire; 

• 2.2 nun for gabions made of 2.7-nmi diameter wire. 

Binding wire with a polyvinyl chloride (PVC) coating will amount to about 8 
percent of the weight of the gabions supplied. Its diameter should be 2.2 mm. 

9. With PVC-coated wire, at least 0.4 mm of grey PVC is applied after galva- 
nizing; the wire should be able to withstand natural corrosion and immersion in 
salt water without any alteration to its initial cliaracteristics. These characteristics 

are: 

• breaking load: no less than 230 kg/cnr. in accordance with ASTM D412; 

• stretching: no less than 190 percent, in accordance w ilh .ASTM D412; 

• cold bend temperature: no greater than -35 C, in accordance w ith 
BSS 2782/1965, method 104 A; 

• corrosion penetration: the maximum depth to which corrosion should pene- 
trate from the end of a completely severed wire is 25 mm. 

10. A margin of 2.5 percent is allowed with respect to the diameter of the 
wires mentioned above (BSS 1052/42); consequendy, the weight of the gabion 
can vary by up to 5 percent For gabions, width and height margins are 5 percent 
and the length margin 3 percent. 
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5. SmaU storage dams and reservoirs 



Using small dams and reserv oirs to store rainwater can help the recov ery of areas 
depressed by advanced desertification. The technology was developed in zones 
where a sharp decline in agricultural and livestock resources had led to severe de- 
sertification. Protective action was focused on water control, the channelling of 
excess storm water inliitratioQ through terraces and outlets and storage behind 
eailh dams. 

The water thus obtained has nian> uses; supplying rural people and their live- 
stock: irrigating forage crops for livestock feeding during the dry season; provid- 
ing relief irrigation to meadows adjacent to the basin; practising aquacullurc (for 
both recreational and commercial purposes); and controlling nmoff and sediment 
deposition. 

The amount of water stored depends on the area's soil and weather profile, ex- 
isting crops and the safety maigin deemed necessaiy to cover possible shortages. 
However, thoe is little point in capacity exceeding the level required in a dry 
year, for example, for an annual inigation module of 1 500 and an iirigated 

area of 40 ha, useful storage capacity will be somewhere in the region of 

16 0(K) m-^. In calculating this figure, possible evaporation losses, seepage be- 
neath or through the structure, or at the bottom oi' the storage basin itself must all 
be estimated; one particularly important factor is the quantity of water that is un- 
usable either because it is inaccessible or because of sedimentation. 



5.1 Siting criteria 

Prior to taking any decision about a site, functional, topographical, hydrological. 
geological and geotechnical factors all have to be considered. The dam should be 
located either in the valley it is wished to irrigate or just upstream of it. When 
good arable land and suitable conditions for irrigation exist downstream, the 
choice of a ate win be determined by whether there is a spring or permanent 
stream neaiby, of whatever size, to cut the cost of brigation channels. 

Since the most expensive part of the operation is the construction of the earth 
dam itself, the site chosen has to maximize the upstream retention capacity. The 
pixyject is reckoned to be economically feasible when the ratio of storage volume 
to dam volume is greater than 8 Thus a dam 8 m high and 200 m long should be 
able to impound more than 100 000 m^ of water; however, this figure is counter- 
balanced by the higher distribution cost of large concentrations of stored water. 
Both aspects will therefore have to be taken into account when a.scertaining the 
structure's optimum volume. When selecting a site. 1:10 000 or 1 : 20 000 maps 
are usually sufficient, although smaller .scales (e.g. 1 ; 1 000) will be needed lor 
calculating dam and reservoir volume. 

The hydrological study is based primarily on an estimate of likely water input 
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inii) the basin, this is a fiinciidn ot nmotf Irom rainfall and can be calculated ap- 
proxinialcl) lioii) ihc turinulu 

in which H is the mean annual rainlall m nun, A the ajca ol the calchmenl basin 
in km^ and R the mean runoff coefficient (whose value varies between 0.3 and 
0.5). 

Another point to analyse is the effect of rises on the reservoir. After heavy 
rain, laiige quantities of material are washed down mto the t>asin which, in »- 
treme cases, may be filled completely. This circumstance is particulariy serious 
for earth dams as they can be destroyed by overtopp in g. The dam will therefore 
need some form of gate at the bottom to evacuate some of the n . n\ downstream 
and avoid damage to the structure. Detailed prior hydrologieal sunly will help in 
estimating peak floodflows as well as the discharges needed tor dimensioning 
auxiliar\' works. 

The geologieal and geotechnical study invol\es analvsiiiii ilic materials that 
will be active or passive eoniponenls of the structure. The study of slopes and 
banks helps deiernune Uieir .stability in relation to the wing walls and sireamHow. 
The materials lining the bottom of the reservoir should be impermeable — clays 
or sihs are best — since seepage through materials such as sand or gravel can 
threaten the economic feasibility of the project Materials for building the dam 
should be locally available. They are analysed in a laboratory to detennine dieir 
compaction and usage characteristics; the most satisfoci(^r> tend to be clay silts 
or sandy clays, provided the moisture content is not too high. Generally speak- 
ing, all silts ;i!i(l clays are acceptable, while loose and peaty soils arc not. 

The carih dam s appurtenant works consist of intakes and conveyance stmc- 
tures leading to irrigaiitMi points; the intake is generally a metal pipe running 
through the dam. The undersluice takes the lorin oi a conduit that runs through 
the structure ai bed le\el and is closed by a gale located cither downstream or, 
preferably, upstream. The spillway is made of concrete or masonry, or lined widi 
plastic, and is built to coincide with the reservoir*s normal level. The spillway re- 
quires as well an outlet channel and an energy dissipator in the foim of a stilling 
basin, which acts as a brake on water coming from the canal at periods of high 
flow. 



5 J Earth structures 

Dam volume is determined bs knowledge of the area in conjunction with die 
constnic^on provisions already referred to in Chapter 2. A summary of these pro- 
visions is provided below. The following diaracteristics of the structure have to 

be detennined: 

• Crest width (3-5 m). 
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• Crest cicvalidn. 

• Face slope (dowiisiream 1/2, upstream 1/2.5). 

• Cresi ireaimeni with 20 cm of gravel to keep the Uain from drying out and 
bursting. 

• Face protection: sodding is recommended for the upstream face, but for the 
downstream &ce it is only appropriate if little erosioD has occurred; otherwise, a 
layer of rocks is laid on a filter bed of sand and gravel or, sometimes, textile ma- 
terial. 

• Drainage of dam body to keep the upstream face firom becoming saturated and 
destabilizing the structure: sand or gravel should be used as they prevent down- 
stream seepage. 

• The terrain for the foiHiclations needs to be completely clean and excavated 
deeply enough to ensure lirm anchorage, even for small structures 3-4 m high. 

• A complete geotechnical study is not required for structures below 8 m in 
height. 

As lor compaction of the dam body. 80 percetil on the standard Proctor test is 
quite sufficient, which yields a subsiuniial energy saving and gives the structure 
die necessary flexibility. Compaction is done by pneumatic scrapers on layers no 
more than 0.20 m thiclL 

Spillways should be designed to cope with maximum floods; whenever pos- 
sible, provision should be made so that when the reservoir is at capacity, water is 
channelled into a lateral streambed or at any rate kept at least 100 m from the toe 
of the dank. 

If no suitable site for the dam is available but the other conditions mentioned 
above are present, a form of sunken reservoir may be constructed instead. In a 
wide, centrally drained valley a circular basin is excavated with 1/2 slopes (i.e. 
not too steep for tractors). The water cntr) area is protected by plastic skirting so 
that the outlet does not become blocked. I he disadvantage of this type of basin is 
that it costs more and holds less than a dam. 

Maintenance work should begin once construction is completed to prevent 
cracking caused by desiccation when the dam is empty as well as the seepage, 
compaction and sliding ttiat occur as soon as the reservoir starts filling up. Quick 
action is needed or the whole structure will be threatened. 



5«3 Techniques for use of dams and construction of multipurpose reservoirs 
53.1 Land preparation 

The first step is to find a suitable site. It should be free of rocks (unless they can 
be broken up) down to an acceptable level and have a slope not exceeding 25 
percent (the exc^on being where the present or future qualities of the soil are 
such that plots can all be put to the same use). 
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Eliminating nauirai non-shrubby vegetation may. if it is particularly thitk. re- 
quire the use of a brush-beater or, where the ground is very uneven or there are 
largish trunks, a mechanical digger. If there is no surface rock formation (or if it 
is exiiemely wealbered), this v^getatkm can be taken out by ploughing. F6r the 
latter operation, a heavy hanow with twelve 32-inch discs is used; it is highly 
efiident at slashing stems and foots and thus pieventiqg subsequent legcowth. 

If the rock has to be broken up prior to ^oogliiiig, a subsoiler is used to a 
depth of 40 cm, and caterpillar tractors of at lewl 100 hp are required. The work 
will have to be carried out again a year later to ensure that all plant residues and 
regrowth have been eliminated. Frequently, however, a cereal crop is sown 
straight away, tollouing a few passes with a light harrow and application of a 
phosphate rertili/.er. Whatever method is used, terraces still have to be built, dur- 
ing or after ploughing, wherever the slope requires it; this step stabilizes soil 
which would otherwise be quickly washed away by rani. 

When establishing pasture, the distance given by Saccardy's formula {ifi s 
2.60 P) for spacmg between terraces should be increased by 20-50 percent, de- 
pending on the zone*s maximum expected daily rainM. 

On undulating ground with slopes not exceeding 10-12 percent, erosion may 
not be the only problem; clay soils, for instance, can become wateriogged. In 
such cases, terraces should not be constructed horizontally but with a gradient of 
around 0.2 for channelling away any surplus water. 

5 J.2 Water control 

Terracing is the first and the most important phase in water control since it keeps 
runoff from forming rills and gullies, and either increases infiltration (contour 
terraces) or assists drainage (sloping teinoes). Terraces help evacuate surplus 
water following heavy rainfdl by collecting it in specially constructed channels. 
Without a ccmiplete drainage network, the operation cannot be a success. 

In flat terraces, water flows from end to end. As in htiri/onial channels, the 
water-level rises at the end opposite to the point ot cntr\ ; to pre\ent damage from 
overtopping, the distance beiu ecn outlets sht)uld therefore not exceed 400 m. 
Since water tends to concentrate in the channels, action niay be necessary to pre- 
vent gullying unless, of course, the flow runs over bedrock. Protection takes the 
form of a stepped series of small drystone dams to absorb water energy and en- 
courage deposition of the coarser ekanents as the first stage in sorting. 

From the point of view of conservation, it is better and more economical for 
water to be used near the place in which it falls. Consequently, water which can- 
not be taken up by plants and which is channelled away by terraces and drainage 
outlets should be put to use in the farm itself, particularly if there is a likelihood 
of severe water shortage for much of the year. 

The si/e of the reservoir catchment can be increased by having the terraces 
capture water and channel it into the reservoir, thus making the most of storage 
capacity and helping estabhsh grazing areas. 
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5 J J Establishment and exploitation of pasture 

After first sowing a cereal, a dressing of PjOj is applied and worked in with a 
light harrow, articulated so that it follows the land. Grass seed is then broadcast 
and covered over with a smoothing harrow. The only action needed in subse- 
quent years is to apply fertilizer — usually granulated lime supeq)hosphale — to 
ensure even distribution. If the annual rate is less than 200 kg/ha it is better to cut 
down on costs and apply a double dose every other year. 

In the third year, some scrub regrowth may be noted. If it is densely concen- 
trated in particular zones, it may be best to resow. More scattered regrowth, how- 
ever, is best dealt with by manual pulling; this job should not require the work of 
more than one person per day per hectare, and considerably less the following 
year if it has to be repealed. 

Grass is usually left for grazing. When there is a surplus, it may occasionally 
be harv ested for hay or silage. 

Since growth can be checked by spring droughts, fresh grass should be sown 
each year to ensure a supply of early forage. It should be sown in places where 
reseeding has not already taken place, where scrub regrowth has occurred or 
where the quality of the grass is poor. 

Grazing should not be allowed until the ground is dry enough for vegetation to 
widistand trampling. In wet weather, the animals should be confined to an area 
near the farm buildings, which is supplied with hay and water and laige enough 
for them to move about freely (40-50 ha for every one thousand). 

Paths and fencing are important for the smooth operation of the farm, and spe- 
cial care should be taken in laying them out. Ideally, all plots should be linked, 
without being interrupted by paths; however, this would involve fencing the 
paths on both sides — a costly opcraiion in terms of manpower. 

If it is too expensive to build the whole fencing network at once, it is better to 
plan to spread the work over several years. A main path, which can be extended 
later, should be laid out in such a way that it links as many plots as possible to 
the grazing area and the £arm installations. 

Grazing areas vary in size from 25 ha for the best land, to 80-100 ha for poorer 
land or unimproved land with little exploitable value. 

S3 A Use of stored water 

Stored water has a variety of uses: direct consumption by livestock or humans or 
indirect consumption for irrigation and aquaculture. 

Direct use of water. One of the constraints facing people who keep livestock 
is water shoruge and rural supply difficulties. Reservoirs solve this problem 
since their storage potential far exceeds requirements. They should be fenced to 
keep out livestock. Water can be extracted m several ways, the most usual one 
being for the dam to have a 2-inch pipe running through it about 50 cm from 
the base; the part of the tube inside the reservoir is elbowed and blocked at the 
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end so that the water can only penetrate through small holes or grooves made 
in the end section. The end section is threaded so that unperforated extension 
pieces may be fitted as the basin silts up. At the outlet, a coupling connects to a 
1-inch pipe leading to the watering troughs, whose level is controlled by a ball- 
cock. The end of the pipe has a stop that can be removed during cleaning to let 
the pressurized water expel any sediment. Reclosing the pipe is easier with a 
stop-valve. 

When the water is for human consun^on or for supplying watting troughs 
some distance away from the basin, the pipe is cnnnccicci to a pump operated by 
the power take-otl ol a tractor. The water is pumped alon<j 2-inch polselhylene 
pipes, often for a kilometre or more. If the w ater is foi human use. the pipes ter- 
minate at a reservoir: if for livestock, at a rai.seU location from which it is fed by 
gravity to the walerinii troughs. 

Irrii^iition. The advantage of hav ing suitable land downstream for irrigation 
has already been mentioned above. An annual forage supply equilibrium can 
only be achieved in zones where harvesting provides enough silage or hay to tide 
livestock over dry periods. Experience shows that 12-15 percent of tcMal farm 
area, consisting of the best land, needs to be given over to this end. However, if 
irrigation is at all possible, even where soil quality is not so high, 8-10 pocoit of 
die area may be enough to cover normal deficits. With exceptional deficits, it is 
cheaper to purchase the fodder than to overburden installations that would not 
normally be exploited to the full. 

Sprinkling is the most common system, carried out by using power pumps 
coupled to a tractor and fully un>hile pipmg that can sometimes be used for more 
than one biisin. Equipment sliould he suitable not onlv for normal irrigation ol 
the area concerned but also elsewhere (for example, supplementary irrigation to 
ensure successful sowing, or winter irrigation to improve cereal harvests). In 
short, the aim should be maximum flexibility to be able to effectuate whatever 
action required in those years when monthly rainfall falls below the norm. 

Water for irrigation is usually drawn directly from the basin to take full advan- 
tage of the head. During dry periods, the area within 500 m of the basin may still 
be irrigatedt although with some difficulty, using a hand-held pipe. 

AqiMculture, This complementary activity ideally requires a relatively con- 
stant water level in the reservoir and is perfectly compatible with other uses. 

The species chosen need to be able to adapt to the low oxygen level in the 
water, to variations in temperature (depending on atmospheric conditions at v ar- 
ious altitudes) and to the periodic disturbances caused by storms. Usually, they 
are phytophagous or omnivorous and can be farmed either intensively or exten- 
sively. 

Cyprinids. Cyclids and Tctraquids are the families most commonly used for 
exploitation eitiier on a recreational or a connnerciai basis. In the hitter case, sub- 
stantial vields ot both atlults and fry may be obtained. Recreational fishing calls 
for a certain anu)unl ol landscaping, involving reforestation of the area immedi- 
ately bordering the reservoir. 
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S3£ Sealing of sunken basins 

In the section cm earth stnictiiies, refereoce was macte 
ligation and water supply. As they are usually of limited capacity, nune control 
has to be exenased over seepage losses than in larger dam reservoirs. However, 
since sealing can double or even triple the cost of small storage basins, the eco> 

nomic aspect needs to be carefully studied. 

Sealing generally involves coating the surface, bottom and slopes with butyl 
rubber, polyvinylchloride (PVC). polyethylene or, less commonly, propyethylene 
rubber (PER). 11 clay is plentilul locally, a clay revetment can be used instead, 
but it usually requires more hours of labour and greater care. Butyl rubber is 
more expensive than PVC or polyetliylene, but it does not need to be covered 
with soil to protect it finnntfae elements. Ahfaoagh these reveiments are all chon- 
ically inert and the water can safely be used for irrigation or human consumption, 
they can be damaged tiy petrochemicals. 

The soil should be sterilized to keep plant gcowtfi from damaging the revet- 
ment and giving rise to seepage losses. The revetment consists of sheets that are 
positioned in such a way as to keep the number of joins to a minimum — particu- 
larly horizontal joins at water-level. The outer edge of the revetment is anchored 
inside a 30 x 30 cm trench dug along the crest of the embankment. 

Butyl rubber revetment. The sheets used come in three thicknesses: 0.75 mm, 
1 mm and 1.5 mm (0.75 mm being the most common). Width varies between 
1.40 and 1.75 m according to thickness. Size is limited by considerations of 
weight and manoevrabiiity — a 30 X 30 m sheet weighs 1 000 kg. The sheets are 
joined either with adhesive or by using portable vulcanizing equipment Rocl^ 
soils are usually covered with sand prior to laying the sheets. The soil should also 
be sterilized to prevent plant growth. 

PVC revetment, PVC is a hard thermoplastic polymer given greater flexibil- 
ity during manufacture. It is an effective revetment although prolonged expo- 
sure can cause the plasticizer to deteriorate, so that after ten years it may be 
fragile and liable to break. Its life can be extended by covering the slope with a 
30 cm layer of soil and ensuring the bottom is always covered by at least 30 cm 
of water. 

To preserve the stability of the earth layer, slopes should not be much steeper 
than 1/3. The earth layer may sometimes be reii^orced by covering it with 
thetic fibre or pebbles. PVC sheets are normally 0.35 mm thick and jouied to- 
gether by heat-welding or with solvent adhesive. In the factory, radio frequency 
thermic welding is used to produce 1 000 kg prefabricated sheets. The use of 
PVC is, however, limited by the fact that it becomes harder and less flexible 
when the temperature drops to freezing point. 

Polyethylene revetment. Polyethylene is a flexible thermoplastic polymer 
which, for revetment purposes, is manufactured in black sheets 7.5 m wide, 20 m 
long and 0.38 mm thick. Although it deteriorates more slowly under the effects 
of exposure than PVC, on slopes it too is usually covered over with earth. On 
stony ground, a layer of sand or synthetic fibre is applied first. Sheets are joined 
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on the spot by means of beading between the overlapping edges and a pressure- 
sensitive adhesive strip. 

Propyethylene rubber (PER), This substance was introduced faiiiy recently 
and is still not widely used. It has similar physical properties to butyl robber, but 
is better suited to tropical climates and more resistant to exposure. Although it 
now costs more than butyl rubber, the price would probably fall if it were used 
on a large scale. 



Copyrighted material 



6. Concluding remarks 



Over the ages, people's altitude to natural resources has changed. In the past, the 
emphasis was on satisfying imiiicdiati- subsistence requirements and involved com- 
paratively little inteiference with ihc cnvnonment. l odas the paiicrn is quite ditlcr- 
ent: the environment is under intense pressure, and resources are shrinking and 
poorly controlled. Resources, therclorc, should be rationally utilized lor optimal 
exploitation and protected from irreversible damage tlirough indiscriminate use. 

Implicitly or explicitly, resource management has been a theme of a number of 
international conferences over the last decade. Among the resolutions of the 
Stockholm Conference's "Plan of Action for the Human Envuionment** (1972) 
was one pertaining to the management of agricultuie in relation to the water re^ 
gime. Mountain watershed management was advocated by the Council of Europe 
first in its resolution on alpine areas (1975) and then in its Ecological Charier 
(1976). The United Nations Water Conference (Mar del Plata, 1977) included 
among its recommendations the need to "lmvc attention to problems of soil and 
water conservation through good nuuiagcnicnt of watershed areas, which in- 
cludes rational crop distribution, pasture impro\ement. retbreslalion, torrent and 
avalanche control as well as the introduction of appropriate agricultural soil con- 
servation practices, taking uito account the econonnc and social conditions exist- 
ing in the respective watershed areas". 

Finally, the United Nations Conference on Desertification (Nairobi, 1977) de- 
clared that watersheds should be viewed **as working units for the purpose of soil 
COTservation and water exploitation, these being foctors in the integrated devel- 
opment of these units; comprehensive measures should be adopted to promote 
the conservation, improvement and rational use of soils with a view to preventing 
and controlling desertification". 

There is. therefore, at least theoretically, a clear perception of the need for ra- 
tional use ot iiaiural resources — water, soil and vegetation — within the physi- 
cal framework defined by watersheds. In short, natural rest)urces are now seen as 
a complex, interdisciplinary system that depends on the hydrological cycle and is 
territorially defined by the watershed and aflecicd by any changes in it. 

Today, the relationship between people and this complex natural resource 
system has worldwide relevance, and environmental studies of water, soil and 
vegetation now take into account die impact of human intervention. The impor- 
tance of this relationship is even greater in countries with fragile ecosystems, 
damage to them being less easy to repair. 

The torrential phenomena that occur in favourable climatic conditions and 
cause water erosion, sedimentation and flooding can have catastrophic conse- 
quences. Unfortunately, when constructing engineering works, dams and training 
walls it is often ovcrlnt^ked that ihc root ot the problem lies chiefly in deforesta- 
tion and the lack ol rational crop managenieni in the watershed. 

Since the objectives of management are soil ci)nscr\ aiion. Hood control and 
water supply, the inlluence of natural ecosystems on the economy and quality of 
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soils and waters assumes particular importance. Wooded areas, for example, are 
of great strategic value in watersheds, as they are situated in the upper and mid- 
dle reaches where rain and snow are heavier and the terrain more rugged. Here, 
the role of the most developed of such systems — forests — needs to be stressed. 

Studies show that forests create a microclimate of their own, modifying sunlight 
and radiation, air and soil temperatures, wind speeds and atmospheric moisture. 
This aspect has beneficial consequences for the hydrologic cycle and gives forests a 
crucial place in the water economy. The role of forests in the water cycle basically 
arises firom their ability to control surface runoff, as soils in forest ecosystems have 
a much greater capacity for water infiltration, retention and storage. Furthermore, 
the water balance differs from that in open or shrubby areas owing to the substantial 
extra inputs into the system from increased condensation (dew, frost and hidden 
precipitation) and moisture from mist and fog (Suering's horizontal precipitation). 

In addition, forest cover eliminates soil erosion so that most surface runoff 
ends up as percolation water, resulting in the virtual disappearance of sediment 
from channels draining forested areas. This action prolongs the usefu|_ life of the 
reservoirs in which all this clean water is impounded. Forest ecosystems also 
have the advantage of introducing fewer nutrients, such as nitrogen and phos- 
phorus, into the waters they drain. This greatly improves water quality, not only 
preventing eutrophication of reservoirs, but also averting the risks associated 
with excess nitrates in drinking water — alw&ys a problem for water treatment 
plants. 

These factors all serve to explain the importance of hydroforestry restoration 
works in agrohydrological watershed management, especially in highly torrential 
basins. 

As a sectoral response to the challenge of torrentiality, hydroforestry covers 
biological activities, such as afforestation and the introduction or improvement of 
other forms of plant cover, as well as engineering works for torrent or avalanche 
control and bank protection. Although these two aspects, the biological and the 
engineering, should complement each other, afforestation takes pride of place. 

Afforestation of torrential watersheds is a way of assisting nature by reversing 
degradation and speeding up the development of a true forest ecosystem, the 
stage at which vegetation is most capable of controlling these phenomena. How- 
ever, total effectiveness depends on maximizing biological potential at all levels 
— from water retentive mosses to tall trees whose crowns intercept the rain and 
whose roots reach deep into the soil, fixing it and facilitating infiltration. This 
range can be achieved by introducing into the shrub layer indigenous species cor- 
responding to the actual site clan, at least at the subclimatic level, and by at- 
tempting to promote the establishment of climax species with a view to encour- 
aging growth at the higher plant levels. Mixed or irregular formations that con- 
tain both shrub and grass layers gradually developing toward the climax consti- 
tute the ultimate aim of afforestation works in torrential basins. 

As for hydraulic engineering works, the whole purpose of channel correction 
in torrential reaches is to reduce, eliminate or control sediment transport and 
bed/bank erosion, and to prevent sediment, whatever its source, from entering the 
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channel; lorreniiaiity and its effecUi are closely linked to the volume of bedload 

discharge. 

Reaching this goal involves taking appropriate steps to prevent sediment dis- 
charge from occurring or, if it has occurred already, to reduce it to a minimum if 
not eliminate it 

'Transverse dikes are the most effective and economical way of achieving 
these objectives as well as of stabilizing banks and protecting them fiom erosion. 
Longitudinal stractuies are another way of oontroUing torrential damage to chan- 
nels, their purpose being the elimination of sediment transport. They complement 
transverse structures in the sense that while the hitter are designed to control bed 
erosion, the role of the former is restricted to preventing bank erosion and flood- 
ing. The action of longitudinal structures is passive and protective; transverse 
structures, on the other hand, act directly on the torrential process. 

This is not to say that longitudinal works do nothing tt) reduce lorreniiaiity; af- 
ter all. by helping to consolidate or strengthen unstable banks or the fool of erod- 
ible slopes, they undoubtedly remove one source of sediniciii Irom the sU^eam. 
However, they are best kept for solving specific localized problems caused by or 
contributing to tonentiality. They are quite unsuitable for use as a primary torrent 
control technique. 

Moreover, Ae capacity of these protective woiks to protect the bank zone and 
its infrastnictuie from flooding for any length of time is totally dependent on the 
existence of watershed and upstream torrential control woiks designed to drasti- 
cally reduce high flows and sediment discharge. 
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Bookshops In Istambul and Izmir 

• UNITED KINQDOM 

HMSO Publications Centre 

Nmu Elms Lane 
London SW8 SDR 
Tel. (071) 873 9090 (orders) 

iPTT) 873 QQU (inquines) 
Fax (BTTi 873 8463 
HMSO BooMhops: 
4a High Hotwm. London WC1V 6HB 
Tel. 1071) 873 QQU 
258 BroidStreet 
Birminoham B1 2HE 
Tel (021) 643 3740 
Souttiey Mouse. 33 Wine Street 
Bnstol BS1 2BQ 
Tel (0272) 264306 
Pnncess Street 
Manctiester M60 8AS 
Tel (061) 834 7201 
SQ ChK:hester Street 
BeHasi BT1 4JY 
Tel (0232) 238451 
ZJ Lottiian Road 
Edinburgh EH3 9AZ 
Tel. (031) 228 418- 
Onty machine readable products: 
Microlnfo Untited 
P O Box i Omega Road. Alton, 
Hampshire GU342PG 
Tel (0420) 86848 
Fax (0420) 89889 

• URUGUAY 

Ubreria Agropecuarla S.R.L 
Buenos Aires 335 
Casilla 1755 
Montevideo CP 1 1 0OO 

• USA (See Norttt Americm) 

• VENEZUELA 

TacnhCierKia Libros S.A. 
Torre Phelps Mezzanina. Plaza 
Venezuela 
Caracas 

Tel 782 8697-781 9945 781 9954 
Tamanaco Ubroa Tacnicos S.R.L 

Centro Cometctal Ciudad Tamanaco. 

r*vel C-2 

Caracas 

Tel 261 3344-261 3335-959 OOlfi 
Tacnl-Ctanda Libroa. S.A. 
Centro Comercial. Shopping Center 
Av Andrte Eloy. Urb El Prebo 
Valencia. Edo Carabobo 
Tel 222 724 
Fudeco, Librerla 

Avenida Ubertador-Este. Ed Fudeco. 
Apartado 254 

Barquisimeto C P 3002. Ed Lara 

Tel (051) 538 Q22 

Fax (051 ) 544 394 

T6lex lOSij 513 14 FUDEC VC 

• YUOOSLAVIA 
Jugoslovenska Knjiga, Trg. 
Republike P O Box 3fi 
11001 Belgrade 
Proavata 

Terazije i6'i . Belgrade 

Other countrtM Aulres pays l Otros ps/mes 

Dislnbution and Sales Section FAO 

Viale delie Terme di Caracalla 

00 100 Rome. Italy 

Tel 139-6) 57974608 

Telen 625852 5258S3 610181 FAO I 

Fax (39-6) 57973152 i 5782610 5745090 
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